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Preface   III 
III 
Preface 
This Ph.D. dissertation represents the final step towards achieving the Ph.D. degree at the 
Technical University of Denmark. The Ph.D. study has been conducted at the institute DTU 
Space in the group for Measurement and Instrumentation, the former Ørsted Institute. The 
institute has been working with the construction and development of scientific instrumentation 
for satellite missions. The instruments that are developed at the institute are space qualified to 
the standard of ESA and NASA missions. The two main instruments are the VFM which is a 
scientific fluxgate vector magnetometer and the ASC which is an advanced stellar compass. The 
two instruments were primarily developed for the Danish satellite Ørsted with the main mission 
to map the magnetic field of the earth. Since the Ørsted satellite the Measurement and 
Instrumentation group have delivered these instruments to several other satellite missions. 
These include the German Champ, the European PROBA-2, the U.S. GRACE, the Argentinean 
SAC-C and several others. There are several other satellite missions on the way where the two 
most prominent are the ESA Swam mission and the NASA JUNO mission. 
As a result of this Ph.D. study a true low-power magnetometer that utilizes the sensor 
technology known as Anisotropic Magneto Resistor has been developed. The main purpose of 
the AMR magnetometer is to be used as a highly accurate attitude sensor as part of the AOCS 
system onboard satellites. The AMR magnetometer is especially well suited for satellites with 
strict limitations on mass, volume and power consumption and still require high precision 
attitude determination. An instrument platform that consists of a magnetometer and an 
accelerometer has been used for a magnetic survey of the region between the North Pole and 
northern Greenland resulting in magnetic anomaly maps of the survey area. The idea to use a 
vector instrument to measure the magnetic field with greater sensitivity is tested. Since this 
requires the orientation of the sensor to be known in order to be able to use the vector 
information methods for calibration of the instrument platform as well as methods for 
determining the attitude of the instrument platform during operation have been developed and 
tested.  
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Abstract   V 
V 
Abstract 
This work covers the subject of orientation or attitude in space and on the surface of a planet. 
Different attitude sensor technologies have been investigated with emphasis on very low power 
consumption and mass. In addition robust methods for attitude determination have been 
covered again with emphasis on the limited budget onboard very small satellites. 
A true low-power attitude sensor using the Anisotropic Magneto Resistor effect have been 
designed to late prototype state. Two prototypes of the AMR magnetometer have been built. 
One of the prototypes has an analog output and the second prototype has a digital output 
similar to that of the VFM fluxgate magnetometer. 
Four different sensors have been tested and the most suitable sensor has been selected for the 
AMR magnetometer. The AMR magnetometer has been tested with respect to range, linearity, 
sensitivity, noise and bandwidth. A scalar calibration has been performed on both of the 
prototypes of the AMR magnetometer with very good overall result. 
Different attitude representations such as orthogonal matrices, Euler angles and quaternions 
are presented. Also methods for attitude determination of a sensor platform with more than 
one vector instrument are presented. To achieve the highest possible accuracy the process of 
intercalibration of the sensor platform is also covered. Intercalibration in this respect means the 
determination of the relative attitude between the vector instruments in question.  
The magnetic survey of the region between the North Pole and northern Greenland was used 
as a case. The sensor platform for the magnetic survey consists of a vector magnetometer and a 
vector accelerometer. The two instruments were individually calibrated followed by 
Intercalibration of the sensor platform. 
The data collected during the airborne magnetic survey was used to determine the attitude of 
the sensor platform. With the attitude of the vector magnetometer known, maps of the 
magnetic anomalies were made with the vector information still intact. The maps of the 
magnetic anomalies using vector data showed a greater level of details than the maps obtained 
using only scalar data. 
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Nomenclature 
 
Symbols 
This work will include equations with vector and matrix notation. The notation will follow the 
normal practice and the following conventions will be used throughout this work. 
Scalars will be denoted by lower case italic letters, both latin or greek letters are used e.g. a or 
α.  
Vectors will be denoted by a lower case italic boldface letter e.g. b, β. 
Unit vectors will be denoted as e.g.      . 
In general matrices will be denoted by an upper case italic boldface letter e.g. D, Δ. However 
physical quantities will also be denoted by an upper case italic boldface letter to follow the 
general adopted standard, this will be clear from the context. E.g. the magnetic field will be 
denoted by H or B. 
Three representations of rotations from one frame to another frame will be used in this work. 
Euler angles will use the greek letters φ, θ, ψ. Rotations matrices will be used often, the 
notation that will be used is    
  
 signifying a rotation from frame f1 to frame f2. Quaternions 
will use a similar notation    
  
. 
 
 
Abbreviations 
ADC  Analog to Digital Converter 
AMR  Anisotropic Magneto Resistor 
CSV  Comma Separated Values 
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ESA  European Space Agency 
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ECI  Earth Centered Inertial 
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1 Introduction 
1.1 Motivation 
The increasing interest in the research of space near Earth and in the Solar system 
terrestrial planets has resulted in an escalation of the number of spacecrafts that are 
put in orbit on different missions. Basically every satellite has the need to determine the 
orientation, which is used by the onboard attitude control system. The requirement for 
accuracy of the attitude depends highly upon the objectives of the mission. Whereas 
deep space navigation and e.g. imaging satellites has extremely high requirements to 
the attitude determination system, other missions have only moderate attitude 
accuracy demand. Further, many of the low accuracy demanding platforms possess 
neither space nor power for instruments like a star tracker or a GPS. Near Earth the 
magnetic field in addition to the sun vector may be used to determine the attitude of a 
spacecraft. 
The need to measure the magnetic field components requires a magnetometer, which 
in addition involves a device to determine the orientation with respect to a reference 
frame that brings the magnetic measurements into a standard coordinate system. This 
technique is widely used everywhere, including spacecraft instrumentation of extremely 
high precision. In the case of magnetic instrumentation, a magnetometer has been co-
located with a star tracker in a common optical bench. This has been the case of the 
Ørsted satellite magnetic mapping missions, where the two instruments data is merged 
and therefore the magnetic components are provided in an Earth centered and fixed 
reference system. 
The use of a star tracker would also be preferred in the case of a stationary magnetic 
observatory on the surface of a planet. Unfortunately, there are two major 
shortcomings in this approach: 1) attitude information is needed during daytime which 
cannot be obtained entirely with a star tracker that operates on the stars, and 2) the 
budget of state-of-the-art star trackers are incompatible with landing missions on the 
surface of planets in terms of weight, power and volume for smaller missions and 
payloads. 
This thesis will investigate and assess technologies available for determining the 
orientation: 1) in space and 2) on the surface of a planet, using a combination of 
different measurement techniques and sensors with emphasis on very low power 
consumption and mass. In addition, it will be focused on attitude determination of 
spacecrafts with robust methods under the budget constraints onboard very small 
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satellites. The target is to design and verify an attitude instrumentation package capable 
of operating and surviving in the harsh environment of space or on the surface of a 
planet. The resulting design must trade the attitude accuracy for mass, power, 
survivability and volume. A suite of spacecraft missions with low demand in terms of 
attitude accuracy will also benefit from the resulting system. 
The application of these techniques could have been exploited on missions like the ESA 
Exomars Mars Surface Magnetic Observatory (MSMO) but unfortunately Exomars has 
been canceled. The purpose of the MSMO was to deploy the first science magnetometer 
on the surface of Mars. The attitude of the measurement platform should be known 
better than 1 degree, which has to be realized with a very low mass and power attitude 
sensor set. The MSMO experiment was headed by DTU·Space, with the purpose of 
investigating the effect on the Martian environment of the solar wind interaction with 
the atmosphere and determination of the electrical conductivity of the planetary 
interior as a function of depth. 
 
1.2 Attitudes 
The term attitude will be used extensively in this thesis and will denote the three 
dimensional orientation of an object, such as a satellite or an instrument. The attitude 
will be given with respect to some other object or reference frame. To generalize, 
attitude will mean the three dimensional orientation of one three axis coordinate 
system with respect to another. The term rotation is a mathematical expression used for 
the transformation from one system to another. This means that an attitude will 
correspond to a rotation from one reference frame to another. The term attitude will be 
used on a more general level where the term rotation will be used for a specific 
transformation from one system to another. In order to fully specify an attitude or 
rotation all three degrees of freedom must be known for the ordinary three dimensional 
space. There are multiple methods of representing attitude or rotation in this thesis, 
orthogonal matrix, euler angles and quaternions are used. A short description will be 
given here, for a more comprehensive description refer to (1) and (2). 
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Orthogonal matrices 
Orthogonal matrices are also known as direct cosine matrices. The specific properties of 
orthogonal matrices are that they have unit length and the column vectors or row 
vectors are mutually orthogonal, meaning that the dot product of two column vectors 
or two row vectors will be zero. If we have             and R is an orthogonal 
matrix then 
 
               ‎1.1 
An orthogonal matrix that represents the rotation from one frame denoted f´ to another 
frame denoted f can be constructed if the three basic vectors of the frame f´ are known 
in the frame f. Then the column vectors of the orthogonal matrix R are the three basic 
vectors of the frame f´. We have. 
    
                 ‎1.2 
The reverse rotation can be found by the transpose of the orthogonal rotation matrix. 
   
        
  
 
 ‎1.3 
For orthogonal matrices the transpose and the inverse give the same resulting matrix. 
x
y
z, z`
x`y`
 
Figure ‎1.1: Frame f constructed of x, y, z and frame f´ rotated 45° about z are constructed of x´, y´, z´. 
If a physical vector v is represented in the frame f then    represents the coordinates of 
v in f and     represents the coordinates of v in f´, then a change of coordinate frame 
from one frame to another is represented by the following equation 
       
     ‎1.4 
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If another frame f´´ is introduced then the coordinates of v in f´´ can be found by. 
         
     
     ‎1.5 
The multiplication of    with the rotation matrices is not exchangeable meaning that 
the matrix on the right is the first rotation and then the matrix on the left is the second 
rotation. Care must be taken to keep track of the correct order of the rotation matrices 
therefore the convention in ‎1.5. If a double rotation is used, the combined rotation can 
often be found by a matrix multiplication of the two rotation matrices the resulting 
matrix is a new orthogonal rotation matrix. 
   
       
     
  
 ‎1.6 
If the rotation matrix that represents the rotation between the two frames in Figure ‎1.1 
is represented by an angular rotation about the z axis the following can be used 
          
               
                
   
  ‎1.7 
The convention for this rotation matrix is somewhat different than the normal 
convention used for rotation matrices. The reason for this is to make it clear that it is a 
rotation of ψ degrees about the third axis. The rotation about the first and second axis is 
be represented by 
        
   
             
              
  ‎1.8 
        
              
   
             
  ‎1.9 
From these three rotations any given rotation matrix from one system to another can be 
constructed if the three base angles about the three coordinate axes are known. These 
angles are also called the Euler angles. 
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Euler angles 
The Euler angle rotation is defined as a set of three angles specifying successive 
rotations about the three orthogonal coordinate axes i, j, k. Euler angle rotation means 
that the first rotation φ degree about the coordinate i axes, the second rotation θ 
degree about the coordinate j axes and the third rotation ψ degree about the 
coordinate k axes. The rotations about the three coordinate axes can be performed in 
any order resulting in 6 different rotations called type 1 rotations. Euler angles can also 
be performed where the first and the third rotation are about the same coordinate axes 
and the second rotation is about one of the two other axes. This gives an additional 6 
different rotations called type 2 rotations. 
Type 1: In this case the three Euler angle rotations are performed successively about 
each of the three coordinate axes. In this type of rotations there is singularity if the 
second rotation θ = ±90 deg if this is the case the first and third rotation will have similar 
effect.  
Type 2: This type of Euler rotation is also called symmetric Euler rotation in this case the 
first and third rotation is about the same axes. This type of Euler angles rotation has a 
singularity if the second rotation θ = 0 deg or θ = 180 deg if this is the case then the first 
and third rotation will have similar effect. 
Any given attitude for the axes i, j, k can be represented by at least one set of Euler 
angles, this means that each set of Euler angles gives a full representation of the 
attitude. A unique representation of the attitude can be achieved by limiting the second 
rotation to             for the type 1 rotations and        for the type 2 
rotations. In special cases where the second rotation θ approaches the limit for the type 
1 and type 2 rotations the Euler angles will degenerate. This means that there will be 
more than one set of Euler angles that can represent the same attitude of the axes i, j, k. 
Despite these drawbacks with the Euler angle representation there are several positive 
things with this representation as well. A rotation of the three coordinate axes using 
Euler angles is intuitively clear and the Euler angles contains no redundant information 
which makes it a compact way of specifying attitudes. An example of a rotation 
represented by a set of Euler angles around the first, second and the third coordinate 
axes are represented by the matrix            . By using equations ‎1.7, ‎1.8 and ‎1.9 
            can be found as followers. 
‎1 Introduction  6 
6 
 
 
                              
 
   
             
              
   
              
   
             
   
             
              
   
 
 ‎1.10 
Quaternions 
Quaternions or Euler Rodriges symmetric parameters are a generalization of complex 
numbers and were first described by Hamilton in the 1840s. Quaternions are the 
extension of complex numbers to four dimensions. There are four elements in a 
quaternion (a, b, c, d) quaternion are written as normal complex numbers but with four 
elements. 
               
    ‎1.11 
Where   ,   and    are the complex quantities. The following rules of multiplication apply 
for the three complex quantities. 
 
           
        
        
        
 ‎1.12 
It is important to take notice that the order of multiplication does not commute. A 
quaternion consists of a scalar part and a vector part, the quaternion q is defined as. 
         ‎1.13 
Where vq and sq are defined as 
 
               
    
 ‎1.14 
The conjugate, norm and the inverse of a quaternion are defined as follows.  
 
                 
                 
    
  
   
 ‎1.15 
The inverse of a quaternion makes it possible to divide two quaternions q1 and q2 but 
because quaternions dose not commute there are two ways to perform the division 
q1q2
-1 and q2
-1q1. This means that the notation q1/q2 is ambiguous and should be 
avoided because it does not specify on which side right or left q2 divides. 
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A quaternion can be represented as a vector with four components; the adopted 
standard is as in equation‎1.16. Vector representation of the quaternion is usually used 
in connection with rotation in three dimensional space. 
    
  
  
  
  
   
 
 
 
 
  ‎1.16 
Quaternions with unit norm can be used to represent rotation in three dimensional 
space. Euler’s theorem about a general rotational displacement says “The most general 
displacement of a rigid body with one point fixed is a rotation about some axis”. This 
means that since the orthogonal rotation matrix represents the same kind of rotation 
there must exist one vector e, which is the general axis of rotation and an angle of 
rotation about this vector e. If an orthogonal rotation matrix describes the rotation from 
the axis of a body frame to some reference frame. The general axis of rotation 
represented by the vector e will have the same components in the body frame and the 
reference frame. This means if there exists a vector e that is unchanged by the 
orthogonal rotation matrix R then this vector e represents the general axis of rotation. It 
is shown in linear algebra that a real orthogonal 3 by 3 matrix has at least one 
eigenvector with the eigenvalue 1 meaning that the corresponding eigenvector is 
unchanged by the matrix. The elements of the quaternion can be expressed by the 
vector e the general axis of rotation and an angle α to rotate about the vector e.  
   
  
  
  
  
 
          
           
          
        
 ‎1.17 
It can be seen that the quaternion has unit length and there is a non uniqueness of the 
quaternion representation of rotations since q and –q given the same rotation. 
   
    
    
    
          ‎1.18 
If q represents a three dimensional rotation from one frame to another and v is a 3D 
vector, then in order to rotate v a quaternion qv needs to be constructed. This is done by 
letting v be the vector part of qv and letting the scalar part be zero. 
    
  
  
  
 
 ‎1.19 
Then the rotation is carried out by the following equation. 
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  ‎1.20 
One important result is that the rotation of two subsequent rotations of the first 
quaternion q and the second quaternion q´ can be combined to one single rotation of 
q´*q. Note that the first rotation is on the right side of the multiplication. When using 
the vector representation of the quaternion the multiplication can be represented as a 
matrix multiplication. 
                     ‎1.21 
The two matrices       and      are called the left and right multiplication matrices and 
they are given by. 
       
 
 
 
 
  
   
    
   
 
   
   
   
   
 
  
    
   
   
 
   
    
    
   
  
 
 
 
      
         
         
         
           
  ‎1.22 
The advantage of the quaternion representation of rotations is that the number of 
computations required to rotate a vector from one frame to another is fewer than in the 
orthogonal matrix representation. This is an advantage in real time attitude control 
systems and in computer graphics however in this work the computation performance is 
not crucial. Compared to Euler angles quaternions is not as intuitively clear as a set of 
three angles are. 
 
1.3 Attitude sensors and instruments 
Attitude measurement sensors are used to determine the attitude of the satellite with 
respect to a predefined reference frame. The final result may be the direct cosine matrix 
or the quaternion that relates the satellite body frame to the reference frame. Attitude 
sensors include. 
 Earth sensors; 
 Sun sensors; 
 Star sensors; 
 Magnetometers; 
 Rate and rate integrating sensors; 
The quality of the attitude instrument is responsible for the accuracy that can be 
achieved in the attitude determination. The most commonly used reference sources are 
‎1 Introduction  9 
9 
 
the earth, the sun and the stars. In general attitude sensors will be divided into two 
basic groups; the first one is absolute attitude sensors and the second one is relative 
attitude sensors. Absolute attitude sensors require the position of the satellite in its 
orbit to be known. An absolute attitude sensor gives either the full attitude or a 
direction in space depending on the type of sensor. Absolute attitude sensors measure 
the direction to some astronomical object or the direction of a vector field e.g. the 
direction to the sun or the magnetic field of earth. The attitude information is gained by 
relating the quantity that is measured by the attitude sensor in the satellite body frame 
with a model or map of the quantity in the inertial reference frame. The attitudes are 
usually given in the form of direct cosine matrices or quaternions that describes the 
attitude of the satellite body frame with respect to some reference frame. It is the 
absolute attitude sensors that are used to determine the static attitude that will be used 
in this thesis. Relative attitude sensors measures change in attitude rather than the 
attitude itself. An example of a relative attitude sensor could be a fiber optic gyro. Gyros 
measurers the angular rate of the satellite body frame this means that at least one 
attitude needs to be known in order to get the attitude of the satellite body frame with 
respect to some reference frame. The problem with these kinds of sensors is that the 
longer the period since the last known attitude the more inaccurate the attitude 
estimation will be because the noise accumulates. Relative attitude sensors are 
normally used in dynamic attitude determination algorithms. 
 
Sun Sensors 
A good example of an attitude sensor is the sun sensor because of the relatively simple 
design and it gives a good idea of all the aspects of an attitude sensor. The fact is that 
virtually all satellites use sun sensors of some sort. There are two main reasons for this, 
the first is that the sun is a useful reference for direction because of its brightness 
compared to other astronomical objects and it is relatively small viewed from a satellite 
orbiting the earth. The second reason is that all satellites needs electric power which 
they get mainly from solar cells that needs to be directed towards the sun. For these 
reasons sun sensors plays an important role in satellite attitude determination and 
control systems. The sun sensor provides a measured vector with respect to the satellite 
body frame that point in the direction of the sun. We call this vector s and it can be 
written. 
         ‎1.23 
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Where si and sb is the sun vector in the inertial reference frame and the satellite body 
frame respectfully. If the satellite orbits earth and the position of the satellite in its orbit 
is known then si is know. The basic principles of the sun sensor are that the current 
output from photocells is proportional to the cosine of the angle α between the 
direction vector to the sun s and the normal to the photocell.  
                  ‎1.24 
The vector that is the normal of the photocell is denoted n and it can be seen that the 
dot product of s and n gives the angel α. The vectors s and n needs to have unit length. 
             ‎1.25 
Knowing α does not provide enough information to determine the vector s since the 
vector component of s that is orthogonal to n is unknown. To fix the angle α to be in a 
plane, an arrangement of two photocells can be used, see Figure ‎1.2. The two photocells 
are tilted with an angle ±β with respect to the normal n of the sun sensor. With this 
arrangement the angle between the vector n and the projection of the sun vector s onto 
the plane defined by n and t can be found. 
n
α -β 
α 
+β  
α +β  
t
s
Sensor 
cell 1
Sensor 
cell 2
-β  
 
Figure ‎1.2: Sun Sensor arrangement to measure the angle α in the n-t plane. 
From equation ‎1.24 we get the current output of the two photocells to. 
 
                   
                   
 ‎1.26 
Taking the difference of the two expressions,   is obtained as follows. 
‎1 Introduction  11 
11 
 
 
                                                        
                         
                                          
                                                         
 ‎1.27 
The expression               is a constant that only depends on the electrical 
characteristics of the photocells that are used and the geometrical arrangement of the 
two photocells. With equation ‎1.27 the angle α in the plane defined by n and t is known. 
By arranging two of these pairs of photocells so that their individual plane defined by n 
and t are perpendicular, hereby constructing the three axes coordinate frame denoted 
{Fs}          . The sun sensor coordinate frame can be seen on Figure ‎1.3. 
 
n
t1
t2
α2 α1 s
 
Figure ‎1.3: Three axes coordinate frame for the sun sensor. 
The vector ss that points in the direction of the sun, can be found from α1 and α2 as 
follows The vector ss should be a unit vector but it is easiest to begin by letting the 
component in the n direction be equal to 1. Then the geometrical arrangement of the 
sensor implies that the two other components are tan(α1) and tan(α2) respectfully.  
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  ‎1.28 
The normalized vector ss is obtained: 
 
   
  
       
 
‎1.29 
Using the sun sensor showed in Figure ‎1.2 and Figure ‎1.3 leads directly to the calculation 
of the unit vector ss that give the direction to the sun in the sun sensor frame {Fs}. The 
designers of the satellite can determine the orientation of the sun sensor frame with 
respect to the satellite body frame {Fb}, thus the orthogonal rotation matrix   
  is 
known. The measurements provide the vector components of ss in the sun sensor frame 
and the rotation matrix   
  gives the components of the sun vector in the satellite body 
frame.  
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Magnetometer 
A vector magnetometer is another vector instrument that is used extensively in satellite 
attitude determination and control systems. The vector magnetometer provides a 
measurement of the magnetic field vector bb in the magnetometer coordinate frame. As 
with the sun sensor the orientation of the magnetometer frame with respect to the 
satellite body frame is known from the design of the satellite. Therefore the 
magnetometer provides a measurement of the magnetic field vector in the satellite 
body frame bb. The magnetic field vector in the inertial reference frame has to be known 
as well. Here a model of the magnetic field of the earth is used to give the magnetic field 
vector bi based on the time and the position of the satellite in its orbit around earth. The 
model that is accepted as the international standard is the IGRF magnetic model which 
is updated every fifth year. The IGRF gives the most exact magnetic field vector bi, the 
downside is that the model requires many computations compared to other simpler 
magnetic models. If the requirement to the attitude permits it, a simpler model of 
earth’s magnetic field can be used. Using a simple tilted dipole as a model for earth’s 
magnetic field, the magnetic field vector is given by the following equations in the ECI 
frame. The ECI frame has its origin in the center of the earth and the unit vectors   ,   
and    as the axis, the   axis is pointing in the direction of the vernal equinox. The    axis 
is the rotation axis of the earth and the   axis are given by the cross product of   and   . 
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The   and   vector defines the equatorial plane of the earth. Using a dipole as a model 
the magnetic field of the earth is given by. 
 
   
    
       
                 ‎1.31 
Where ri is the vector that point from the center of the magnetic dipole to the satellite 
and    is the unit vector of ri. mE is the magnetic dipole moment of the earth. Using 
equation ‎1.31 the magnetic field vector can be calculated with reduced accuracy but 
with fewer computations. Note that the term 
    
  
 is a constant which leaves only the 
expression with vector ri and mE to be calculated. In many cases     
  can be included in 
the constant because the satellite is in a circular orbit or close to. The vector    is the 
unit vector in the direction of the earth’s magnetic dipole. The rotational axis of the 
earth and the magnetic dipole of the earth are not adjacent this have to be accounted 
for, the components of    are given by. 
     
              
              
       
               ‎1.32 
Where θG is the Greenwich sidereal time at epoch, t is the time since epoch and ωE is 
the angular rotation rate of the earth. θm and φm are the Coelevation and East longitude 
of the dipole.  
In many satellites magnetorquer are used for attitude control, detumbling, stabilization 
and dumping momentum of momentum wheels of the satellite. A magnetorquer is build 
from an electromagnetic coil when a current runs through the coil a magnetic dipole 
develops. This dipole interacts with the ambient magnetic field of the earth which 
produces a torque on the satellite. The torque on the satellite is defined as. 
          ‎1.33 
Where tmag is the created torque, m is the magnetic dipole generated by the 
magnetorquers in the satellite and b is the external magnetic field. Note that the torque 
is always perpendicular to the external magnetic field this limits the maneuverability to 
two axis. Because of the change in the magnetic field of the earth during one orbit the 
satellite can maneuver all three axes over time. From equation ‎1.33 it is clear that the 
external magnetic field has to be known. This means that a magnetometer is needed in 
order to be able to use magnetorquers. 
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Star tracker 
Stars are excellent reference points for attitude determination. They are relatively bright 
objects that can be seen in all directions. Stars are so far away that their movement 
relative to the satellite due to the satellite orbit and the movement of the star itself can 
be neglected. This makes stars excellent reference point as they can be thought of as 
fixed points that do not move. Star trackers can be divided in to two parts, the star 
sensor itself which is a photo sensitive sensor usually a camera of some sort, the second 
part is a data processing unit. The basic principle is to compare an image taken with the 
star camera with a star catalog in the data processing unit. The field of view of a typical 
star tracker is 10 to 20 degrees this means that one image only covers a small part of the 
sphere. The process of finding the stars from the image in the star catalog is calculation 
heavy. The algorithms used in this process are one of the most important parts of a star 
tracker. When the star pattern on the image has been located in the star catalog the 
pointing direction of the star camera head is known. One of the many advantages of the 
star tracker is that an image also gives information of how the camera head is rotated 
around the pointing direction. This means that a star tracker gives a full attitude of the 
camera head that can be translated to give the attitude of the satellite. The Star tracker 
is far superior to other attitude instruments and if the accuracy requirements are high 
the star tracker is the only real choice. There are however some down sides to the star 
tracker. It has relatively high power consumption and a low update rate compared with 
other attitude instruments. 
An example of a star tracker is the µASC from DTU Space. The star tracker from DTU 
Space is a small star tracker, the camera dimensions are 5x5x5 cm and the processing 
unit is 7.5x10x4 cm. Even with this small size it achieves sub arcsec accuracy, the 
performance table for the µASC can be seen in Table 1. 
Class µASC performance 
Initial acquisition [ms] 30 
Accuracy [arcsec] 0.7 (1σ) 
Attitude rate [°/s] 7 
Update rate [Hz] 32 
Availability [%] 99.995 
Power [W] 3.7+nchu*0.7 
Mass [Kg] 0.3+nchu*0.25 
Size [cm] DPU: 7.5x10x4 
CHU: 5x5x5 
Lifetime [years] 30+ 
Reliability [%] 99.995 
Table 1: DTU Space star tracker performance table. 
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Table 2 is a compiled list of different attitude instruments that specify accuracy, number 
of axes of the instrument and the type of instrument. Instrument type is a way to 
classify attitude instruments by the number of degrees of freedom that they determine. 
The notation used is as follows On where n ∈ {0, 1, 2, 3}. This means that O0 is a scalar 
instrument that fixes zero degrees of freedom, and O3 is an instrument that fixes all 
three degrees of freedom e.g. a star tracker. 
 
Sensor Accuracy Number 
of Axes 
Instrument 
Type 
Characteristics and Applicability 
Magnetometers 1.0° (5000 km) 
5.0° (200 km) 
3 O2 Attitude is measured relative to 
earth’s magnetic field. It is the 
uncertainties in the magnetic 
model that dominate accuracy. 
Earth sensors 0.05° (GEO) 
0.1° (LEO) 
1 O2 Horizon uncertainties dominate 
accuracy. 
Sun sensors 0.01° 2 O2 Typical field of view ±30° 
Star sensors <1 arcsec 3 O3 Typical field of view ±10° 
Gyroscopes 0.001 °/h 3 O3 Involves periodically resetting 
reference. 
Directional 
antennas 
0.01° to 0.5° 2 O2 Typically 1% of the antenna 
beam width. 
Table 2: Sensor type and sensor accuracy. Adapted from (3) and (4). 
 
 
1.4 Applications 
This work has its origin in spacecraft design and the attitude determination of 
spacecrafts. The methods presented here find their most direct application within the 
field of attitude instrument design and attitude determination of spacecrafts. However 
the attitude problem is not limited to space. It is a problem that is solved in everyday 
application such as an airplane or even when driving a car, where the driver has to solve 
this problem in order to be able to drive the car safely. The attitude instruments and 
methods of attitude determination of spacecrafts mentioned in this work are especially 
useful within the field of space instrumentation, but on ground applications do exist. 
One example is oil companies drilling for oil from an oil platform. They use directional 
drilling and to do this they have instruments in the drilling head that monitors the angle, 
rotation, direction and temperature and transmit the data to the drill operator. 
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1.5 Delimitation of this thesis 
The main emphasis of this dissertation will be on the development of a low-power 3 
axes magnetometer designed for use in space. The magnetometer will be based on a 
relatively new sensor technology which makes it possible to reduce the mass, volume 
and power consumption. The magnetometer it designed to be a part of the attitude 
control system onboard a satellite. Methods to determine the attitude of a satellite 
based on 2 or more attitude sensors will be treated. When two or more sensors are 
used it is important to know how the sensors are orientated relative to each other, the 
process of determining this orientation is called intercalibration and will also be treated.  
Because components used in space technology have to be vigorously tested and 
approved for use in space the design of new instruments during this project will be 
constrained to using proven and documented components as far as possible. 
Originally the plan was to use these methods to find the attitude of a vector 
magnetometer on the surface of Mars for the ExoMars mission. Unfortunately the 
magnetometer component of this mission was canceled along with some other 
instruments. As a consequence another opportunity to test the methods of 
intercalibration and attitude determination algorithms was found. The methods will be 
used on real data from the magnetic survey of the region between the North Pole and 
northern Greenland. The methods presented will be used to investigate if greater 
sensitivity to small anomalies in the magnetic field can be archived with a vector 
magnetometer than with a scalar magnetometer.  
 
1.6 Thesis outline 
Following this introductory chapter, chapter 2 will present the theory used in this 
dissertation. Chapter 2 will give a general description of the theory that will be used in 
special cases in the following chapters. Chapter 3 will introduce the specific calibration 
of the instrument used for the magnetic survey of the region between the North Pole 
and northern Greenland. Chapter 4 describes the design, testing and calibration of the 3 
axes magnetometer. Chapter 5 deals with the magnetic survey of the region between 
the North Pole and northern Greenland. The summary and conclusion of this 
dissertation and suggestions for future work will be given in chapters 6, 7 and 8. 
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2 Theory 
 
 
2.1 Magnetic field 
Before embarking on a more detailed description of magnetism it will be convenient to choose 
which unit system to use. There are two main choices the cgs (Centimeter, Gram, Second) 
system or the SI (Systéme International). To make the whole matter even more complicated 
there are different conversions within the cgs system dependent on which background you 
have. The cgs system is based on the concept that point magnetic monopoles exist in analogy to 
point masses and point electrical charges, with similar laws for the forces between point 
charges, masses and poles. This system prefers to use the H field to describe the different laws 
of magnetism. The SI system is based on the fact that the magnetic field is electric in origin and 
an electric loop current generates a magnetic dipole instead of a fictitious magnetic monopole. 
This system prefers to use the B field to describe the different laws of magnetism. The 
difference between the systems is basically in which equation one finds it convenient to have 
the magnetic constants. The size and unit of the constants is adapted to the equations. It is still 
discussed which system that makes  most sense but history and different traditions within 
different branches of science seems to be the cause of the differences rather than a real 
argument based on the theory of magnetism. The full explanation will not be given here as it is 
quit long. In the following the SI system will be used with the underlying assumption that the 
magnetic field is electric in origin. As a consequence of this the B field will be used to describe 
the different magnetic properties. 
Magnetism is a relatively new subject of science even though some sources date the first 
Chinese compass to about 4000 years ago. The scientific interest for magnetism started around 
the start of the 19. century and is was only in 1820 Ørsted found that a current carrying wire 
had an influence on a compass needle. Ampére used Øesteds results to formulate the basic law 
of magnetomotive force.  
           
 
 
‎2.1 
Which is the ampere winding equals the integral of B over a closed loop c of the ampere 
windings. This means that B has the unit [Vs/m2] or tesla since dl is in meters [m], N has no unit, 
the current I is in amperes [A] and µ0 has the unit [Vs/Am]. µ0 is the magnetic field constant that 
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was introduced with the Systeme International µ0 = 4π*10
-7 [Vs/Am]. The B field is typically 
called the induction or flux density. A current in a small part of a conductor dl induce a field dB. 
This field can be calculated from Biot-Savart law. 
    
   
    
      ‎2.2 
   
   
    
    
   
    
    
   
  
  ‎2.3 
Equation ‎2.2 can be used to calculate the field from general conductor arrangements. In the 
case of a circular loop see Figure ‎2.1 with radius r of a single conductor the result can be seen in 
equation ‎2.3. All constants are moved outside the integral which leaves only ds, the integral of 
ds along the circular loop equals the circumference of the circle. Similar calculations of B can be 
made of a long conductor B=µ0I/2πr and the field in the center of a long cylindrical coil can be 
found by this expression B=µ0NI/L.  
I
dl
dB
r
 
Figure ‎2.1: Magnetic field of current loop.  
 
The magnetic field is often visualized by drawing lines with arrows that indicate the direction of 
the field. The strength of the field is visualized by the density of the lines the closer the lines are 
to each other the stronger the magnetic field is se Figure ‎2.2. In Figure ‎2.2 a current loop and a 
dipole are shown which produce the same magnetic field. The difference between the two is 
that the magnetic field is generated by a current in Figure ‎2.2a and on Figure ‎2.2b the magnetic 
field is produced by magnetic materiel. But since all magnetic fields are electric in origin there 
must be some current that flow in the magnetic materiel (5). The answer can be found in 
atomic physics and the model of an atom. The orbit and spin of an electron around the nucleus 
produce a magnetic moment due to the current produced by the electron mass and unit 
charge. When the atoms form solid crystal the orbit of the electron is fixed to a large extent in 
the crystal structure. Therefore it is mainly the magnetic moment due to the resulting spin that 
is left which is partially reduced by the other nearby magnetic moments. Depending on the 
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materiel properties the magnetic moments interact with an external magnetic field to varying 
degree. It is the density of the magnetic moments in the materiel and the materiel properties 
that describes the magnetic behavior of the materiel. 
 
  
Figure ‎2.2: a) Current loop magnetic dipole. b) Point charge magnetic dipole. 
 
The relation between the H and the B field in vacuum is. 
 
      
‎2.4 
In vacuum the H and B field is in principle the same but they have different size and units. The 
magnetic field constant is a result of the units that is used in the SI unit system, in the cgs 
system H and B has the same units. If for a substance we want to know the magnetic field 
contribution to the magnetic flux density B, the equation ‎2.4 becomes. 
 
          ‎2.5 
Where µ0H is the vacuum contribution and µ0M is magnetization of the material. The magnetic 
constant µ0 is often called the vacuum permeability. The magnetization M of a material is in the 
same direction as H but the degree to which the material is magnetized is determined by the 
magnetic susceptibility ĸ. The relation is. 
 
     
‎2.6 
Equation ‎2.5 and ‎2.6 gives. 
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                          ‎2.7 
Where µ0 is the vacuum permeability and µr is the relative permeability which is often used to 
characterize the material. The relative permeability has to take into account material properties 
like nonlinearity, inhomogeneity, anisotropy and hysteresis. It is only in special cases it is a 
simple constant. The relative permeability and magnetic susceptibility ĸ is in principle the same 
and have the same unit [Vs/Am]. The relation is µr=1+ ĸ. Relative permeability is a fundamental 
parameter of the rock in the earth’s crust. In magnetic prospecting the relative permeability is 
used to determine that kind of rock is buried beneath the surface. 
2.2 Sources of the geomagnetic field 
The sources of the geomagnetic field can be divided in to three groups; the main field, the field 
from the crust of the earth and external contributions. In this study the most interesting field is 
the field that originates from the earth crust also called the lithosphere component of the earth 
magnetic field. In order to study the lithosphere, its contribution must first be isolated from the 
other field sources. B(r,t) is the field measured by some magnetometer as the total field at the 
point of the sensor. The magnetic measurement is a function of position and time. It is 
convenient to write. 
 
                                         
‎2.8 
Where Bmain(r,t) is the main field from the earth’s core, Blit(r) is the lithosphere field from the 
crust of the earth, Bext(r,t) is the field that originates outside the earth in the magnetosphere 
and Berr is the combined error and noise of the magnetometer. Figure ‎2.3 shows a schematic 
drawing of the different source regions of the geomagnetic field. 
 
 
Magnetosphere
SUN
Ionosphere Lithosphere
Core
Ring current
Magnetotail
Ring current
Mantle
 
Figure ‎2.3: The source regions of earth’s magnetic field. 
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The magnetic field from the earth’s core Bmain(r,t) can be compared to that of a dipole from a 
bar magnet. Studies of the earth’s core have shown that it is mostly iron and nickel which are 
known magnetic materials. It is also known that the temperature of the earth’s core is higher 
than the curie temperature of iron and nickel, 1043 [K] and 627 [K] in the same order. This 
means that the magnetic field cannot be that of a permanent magnet which leaves only 
circulating current. The generally adopted theory is the dynamo effect or geodynamo. It states 
that earth’s magnetic field depends upon the rotation of the fluid metallic iron and nickel that 
make up a large portion of earth’s interior. Convection in the outer core fluid drives the 
circulation of fluid metallic iron and nickel. This means that conducting material moves relative 
to the magnetic field. If this circulating material can obtain a charge, most likely from friction 
between the different layers in the earth’s core, this could produce a current loop that could 
sustain the magnetic field of the earth. 
 
Figure ‎2.4: Earth’s magnetic field is similar to that of a bar magnet (6). 
 
The International Association of Geomagnetism and Aeronomy (IAGA) publish a standard 
magnetic model of the field of the magnetic field that originates in the earth’s core called the 
International Geomagnetic Reference Field (IGRF). The IGRF is updated with a new model with 
an interval of 5-year (1990, 1995, 2000, etc.). The latest IGRF model includes secular variation 
coefficients for extrapolation to the next epoch. If the medium is nonmagnetic and there is no 
current then the magnetic field can be modeled as the gradient of a potential function ψc. 
 
       
‎2.9 
It is a spherical harmonic potential function ψc that is the core of the IGRF model see equation 
‎2.10. 
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 ‎2.10 
Where re is the mean radius of the earth, φ,   and r are the normal spherical polar coordinates 
with origin in the center of the earth.   
         are the Schmidt quasi normalized form of the 
Legendre functions of degree n and order m.   
        
  are the gauss coefficients that relates 
B to   
        .   
         
  are the coefficients IAGA provide for the IGRF model every 5 year. 
The harmonic degree n is 10 for the older models and degree 13 for models from epoch 2000 
and forward. Generally it can be said that Bn at the earth’s surface comes mainly from the core 
for degree 1 ≤ n ≤ 13 and for degree n ≥ 16 it is mainly the lithosphere field. At precisely which 
degree 13 to 16 the break occurs is not clear but in this interval it is hard to determine if the 
source is the core field or the lithosphere field.  
 
While the core field and the lithosphere field only has long term variations the field that 
originates from the magnetosphere Bext(r,t) in equation ‎2.8 exhibits shorter period variations. 
The source of the external field is mainly the interaction of the solar wind and the 
interplanetary magnetic field with the magnetosphere. The external field variations are divided 
in to two groups, those that occur on a daily basis with a regular pattern, and the field that 
interrupts this daily pattern. The periods where the daily pattern is not interrupted is called 
magnetic quiet or solar quiet periods. The external field is divided in to several phenomena, one 
being the Equatorial Electrojet which is daily currents in the ionosphere that arise primarily 
because of difference in heating on the dayside and nightside of the earth. Other currents in 
ionosphere are the Mid-latitude Currents and the Auroral Electrojet. On the poles there are 
charged particles that flow aligned with the magnetic field lines. These flows of charged 
particles produce currents that are coupled to the magnetosphere. On Figure ‎2.5 is a plot of the 
daily variations at the Alert magnetic observatory from 28 March to 7 April 2009. As it can be 
seen from the figure the daily variations is of the order of ±50nT.  
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Figure ‎2.5: Plot of the daily variations at the Alert magnetic observatory 28 March-7 April 2009. 
 
The daily variations can be included in the model in equation ‎2.9 and ‎2.10 by adding the 
contribution from the magnetosphere expressed in equation ‎2.11. Where   
  and   
  are the 
new gauss coefficients that relates B to   
        for the magnetosphere. 
         
 
  
 
 
   
           
           
       
 
   
 
   
 ‎2.11 
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2.3 AMR Sensors 
This section describes the theory and basic principle of the Anisotropic Magneto Resistor or 
AMR sensor. The AMR sensor is characterized by the resistance dependency of the external 
magnetic field. 
Resistivity and magnetism 
AMR effect in thin magnetic films may in terms of its properties be described as a simple 2 
dimensional problem. The dimensions can be seen on Figure ‎2.6 (height h, length l and 
thickness t) of the thin film element and the reference coordinate system. If there is no external 
magnetic field present, the thin film element is magnetized in the x direction. The magnetic 
vector m is parallel to the current vector i. When the AMR sensor is placed in a magnetic field 
Hy, it will turn the magnetization of the AMR element, and change direction of the magnetic 
vector m. The resistivity of thin film element depends on angle   between the vectors i and m. 
                    
             
     ‎2.12 
Where ρ=ρp when m and i are parallel, and ρ=ρo when m and i are orthogonal. Δρ is the 
maximum change of resistivity and the ratio Δρ⁄ρo is the magnetoresistive coefficient, which 
typically represents a few percent. 
          
 
  
         
     ‎2.13 
The voltage U over the element in x direction is. 
     
 
  
         
      ‎2.14 
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Figure ‎2.6: Thin Film AMR element. 
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Relation between the M vector and the external magnetic field 
It should be noted that magnetic field sensors measure the magnetic flux density B, the physical 
effect is the Lorentz force. The relationship between the magnetic field H and the magnetic flux 
B is B=μ0H, H will be used subsequently. If Hy is in the y direction, the excitation vector m is 
rotated away from the x direction, the angle between m and current vector i can be found from 
equation ‎2.15. where H0 is the characteristic field for the AMR element. 
         
  
  
      
  
  
   ‎2.15 
Which means that the resistance depends on the magnetic field as follows see Figure ‎2.7. 
                
  
  
 
 
            ‎2.16 
                    ‎2.17 
 
 
Figure ‎2.7: Relation between resistance R and the magnetic field Hy (7). 
The characteristic field H0, of the AMR element is the sum of the demagnetizing field Hd and the 
fictitious anisotropy field Hk. Hk can be expressed by equation ‎2.18 where K1 is a material 
constant. Equation ‎2.18 is a simplified version which applies only to Uniaksial Anisotropic 
element, but as long as t≪h≪l these conditions are met. 
 
   
   
   
 ‎2.18 
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Magnetoresistive film 
The main feature of AMR materials are high Δρ⁄ρo with a high ρo, to get the maximum signal at 
a given resistance and a small area. Other important features are: 
 Low temperature dependence of ρ and l, to minimize the offset drift of the sensor. 
 A small fictional anisotropic field Hk to obtain high sensitivity of the sensor. 
 No magnetostriktion λs, so the magnetic properties are independent of mechanical 
stress. 
 To ensure a stable sensor there must be no long-term effects as diffusion or thermally 
activated effects. 
The most common materials are alloys of Ni, Fe and Co, the most widely used alloy is a 
composition of 81% Ni and 19% Fe. This alloy has proven to be a good compromise between 
the properties required. AMR coefficient Δρ⁄ρo lies between 2 and 4% with        
      , a magnetic saturation limit of μ0ms=1,1T, a low thermal coefficient of        , Hk is 
of the order of 100 to 1000 A⁄m, and λs is approximately 0. There are other alloys which have a 
higher Δρ⁄ρo eg. 90Ni/10Co (4.9%), 80Ni/20Co (6.5%) and 92Ni/8Fe (5.0%), but these are not 
suitable for sensors due to either too high Hk or λs. 
 
Linearization and stabilization 
Before the AMR element shown in Figure ‎2.6 can be used as a sensor, the highly non-linear 
relationship between R and Hy, as shown in Figure ‎2.7, will have to be compensated for. The 
change in resistance at low fields is almost zero and without stabilization the AMR element will 
not behave as described. Also effects that repeal the AMR effect or give high magnetic noise 
are known to appear. There are many ways to compensate for these problems. Some of them 
use permanent magnets or simple coils. Only the method used in the type of AMR sensors, 
used in this project will be described in this section. 
 
Figure ‎2.8: Baber pole method (8). 
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The method used in the sensor is the baber pole method. The basic idea is to turn the current 
vector i 45°. To achieve this, stripes of a material with high electrical conductivity is place on the 
AMR element, the stripes are rotated 45° from AMR element in Figure ‎2.8. To minimize errors, 
it is important that the selected material has a resistivity which is much lower than the AMR 
element. The materials are typically Al, Ag, Au or Cu. It is also important that the contact 
resistance between the AMR element and the baber pole is negligible small. If these 2 sources 
of error are minimized, the current vector i will be rotated 45°, which gives a new relation 
between R and Hy, which can be seen on Figure ‎2.9 and is expressed as equation ‎2.19. 
 
 
Figure ‎2.9: a) relationship between R and Y for a standard sensor 
b) relation between R and Hy for a sensor with a barber pole (8). 
 
            
  
  
    
  
  
 
 
 ‎2.19 
Edge effects, which means that the current flow runs in the x direction and the voltage drops 
over the barber poles because of the finite conductivity means that the linearization is not 
perfect. Therefore i will in practice be angled slightly less than 45 °, but it can be compensated 
for by equation ‎2.20. Where s is the width of a barber pole, and a is the distance between two 
barber poles, f is the correction factor that compensates for edge effects and barber poles finite 
conductivity. The optimization of the geometric designs end up being a tradeoff between a high 
Δρ⁄ρo and linearity, leading to relationship             . 
      
 
  
 
     
 
 
 ‎2.20 
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The main disadvantage of barber pole method is that only approx. 50% of the AMR element 
that is being utilized as the active part of the sensor. This also means that the resistance of an 
AMR sensor with barber pole will be reduced by a factor 2, because of the very small resistance 
in the barber poles, compared to that of the AMR element. This technique is nevertheless 
widely used, because of the clear advantage that the angle between i and m are determined 
solely by geometry, and thus there are no magneto static complications. 
 
Sensor configuration 
Practice has proved it a good idea to configure 4 sensor elements in a Wheatstone bridge, as in 
Figure ‎2.10. Barber poles of the vertical resistor pairs are oriented +45° and -45° from the 
magnetizing direction of the AMR sensor element. The resistance change ΔR are directly 
translated into differential output voltage. Another advantage is that the temperature 
dependence of each sensor element is compensated for because it is ΔV that is measured, and 
not the voltage potential relative to ground. 
 
 
Figure ‎2.10: Wheatstone bridge with a barber pole sensors (8). 
 
AMR elements are bistable. That is, the magnetic direction of the sensor can be reversed if the 
AMR element is exposed to a magnetic field of an appropriate strength, which is parallel to the 
magnetic axis but opposite direction. By flipping the magnetic axis of the sensor the output 
signal is also flipped, as shown in Figure ‎2.11. The two states of the sensor are usually denoted 
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the set state and reset state or just set and reset, and hence the name of the coil is set/reset 
coil. 
 
 
Figure ‎2.11: Set/Reset characteristic of an AMR sensor (8). 
By flipping the sensor characteristic it is possible to compensate for unwanted offset error by 
first taking a measurement where the sensor is set ms, then flipping the sensor and take a 
measurement where the sensor is reset mr. With equations ‎2.21 and ‎2.22 the offset and the 
external magnetic field can be found. 
        
     
 
 ‎2.21 
   
     
 
           ‎2.22 
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Figure ‎2.12: Typical AMR sensor output at different temperatures (KMZ10) (8). 
If high precision is desired, it is necessary to compensate for drift in the sensor sensitivity with 
temperature. Figure ‎2.12 shows the characteristics of a typical AMR sensor at different 
temperatures. When the sensor is in zero field the sensor output is the same for the different 
temperatures this property can be exploited by adding a compensation coil to the sensor. The 
compensation coil will hold the sensor element in zero field with a magnetic field of the same 
size but opposite sign as the external magnetic field that is to be measured. If we know the 
direction and magnitude of the compensation field, we also know the size of the external field, 
even if the sensor output is always zero. A positive side effect of using this type of 
compensation is that it is the current, which runs in the compensation coil which is measured. 
Since there is a completely linear relationship between current flowing in a coil and the 
magnetic field that is being generated, this means that there is a linear relation between the 
measured current and the magnetic field to be measured. 
 
The HMC1021 AMR sensor 
The AMR sensor that has been selected is the HMC1021 from Honeywell, the selection process 
of the sensor is described in section ‎4.3. One of the sensors was opened (delided) meaning that 
the lid of the sensor IC housing was removed. This process was done using red fuming nitric 
acid to dissolve the epoxy of the IC housing, hereby exposing the die of the sensor. At room 
temperature the acid will not significantly attack the epoxy therefore the process is carried out 
at an elevated temperature at about 100°C. The rinsing step includes red fuming nitric acid at 
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room temperature and an ultrasonic cleaning in methanol or acetone. The result can be seen 
on Figure ‎2.13. The red arrow indicates the sensitive axes of the sensor. 
 
a 
 
b 
 
c 
 
d 
Figure ‎2.13: The HMC1021 AMR sensor from Honeywell. 
As described above there should be three major parts that could be identified on the die, the 
sensor element, the set/reset coil and the compensation coil. When you look at picture a and b 
on Figure ‎2.13 you clearly see the two coils. The four sensor elements in the Wheatstone bridge 
are however not clearly identifiable right away, but if we look closely at picture b there are 
something where the two coils intersect. Picture c and d are taken with even higher 
magnification and there the baber poles on the sensor element is quite clear. 
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2.4 Inter-calibration 
This section will introduce the main theory used in the inter-calibration process between two 
instruments. The goal of the inter-calibration is to find the relative attitude between the two 
instruments expressed by e.g. a direct cosine matrix. Inter-calibration is relevant for all types of 
instruments O1 – O3 and n numbers of instruments can be included in the inter-calibration. 
This introduction will concentrate on the special case of two instruments of type O2. The inter-
calibration of two instruments is a good example to demonstrate the principles of inter-
calibration. These principles can then be expanded to cover n instruments, however only the 
special case of two instruments of type O2 will be given here.  
 
Inter-calibration of two vector instruments 
The goal of the inter-calibration is to find the direct cosine matrix that relates one sensor frame 
to another. This requires the determination of n unknown values, requiring at least n 
independent equations. The method presented here generates more independent equations 
that are needed to make the problem over determined and then uses a statistical approach to 
solve the problem. The basic idea is to rotate the instrument package to a number of positions 
and take one measurement with each instrument at each position. Figure ‎2.14 shows the inter-
calibration setup in principle. It is required that the fields that are being measured by the two 
sensors are known at the calibration site, in the case of a magnetometer and gravity meter the 
magnetic field and gravity field must be known. The reference package on Figure ‎2.14 can be 
ether a model of or an independent sensor package that determine the fields at the calibration 
site.  
Reference Package Sensor Package
 
Figure ‎2.14: Basic principle for inter-calibration. 
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By subtracting the measurements from the instrument package with the corresponding vector 
from the reference package in a common coordinate frame the error or residual can be found. 
By minimizing the residuals the direct cosine matrix that relates one sensor frame to the other 
sensor frame can be determined. On Figure ‎2.15 is the schematic setup for the two instruments 
inter-calibration. The two sensors SEN1 and SEN2 are the sensor package which will be rotated, 
REF1 and REF2 the corresponding reference package. Each set of sensors SEN1 and REF1 must be 
instruments of similar type e.g. two magnetometers or two gravity meters. The frame SYS1 and 
SYS2 are intermediate reference frame for the two sensors. This could be e.g. a local North, 
East, Down coordinate system or the ICRS (International Celestial Reference System). These 
reference frames are usually chosen to be the most convenient frame depending on the types 
of instruments being inter-calibrated. During the calibration process data is collected from both 
the sensor package and the reference package simultaneously. The arrows connecting the 
frames on Figure ‎2.15 show the rotations needed to have the measurements from each 
instrument pair in the same frame. 
SEN 1
SEN 2
REF 1
REF 2
SYS 1
SYS 2
 
Figure ‎2.15: The basic principle of inter-calibration of two instruments. 
 
The rotation from sensor 1 frame SEN1 to reference frame REF1 can be written as in equation 
‎2.23. Both of these rotation matrixes are in principle unknown.      
     is a fixed rotation, while 
     
     is the current attitude of the sensor package with respect to the frame SYS1. This will 
change with every new setting of the sensor package.  
 
     
          
         
     ‎2.23 
‎2 Theory  35 
35 
 
A similar equation can be written for the rotation from sensor 2 frame SEN2 to reference frame 
REF2. The matrix      
     is the relative attitude between the two instruments which is to be 
determined.     
     reappears from equation ‎2.23. The matrix     
     are known from theoretical 
considerations while     
     is a fixed but unknown rotation. 
      
          
         
         
         
     ‎2.24 
The residual between the measurement from the sensor package and the reference package 
can be found in the corresponding reference frame by equation ‎2.25 and ‎2.26. 
                     
          ‎2.25 
                     
          ‎2.26 
It is the matrix      
     that is the matrix of interest but all the rotation matrixes in equations 
‎2.23 and ‎2.24 have to be known in order to be able to determine      
    . The fact that rotations 
about the different axes do not commute is what makes the solution unique. If a sufficient 
number of measurement points have been taken then it is not possible to obtain two solutions 
with the same minimum value for the residuals in equation ‎2.25 and ‎2.26. The uncertainty in 
the obtained solution is due to the fact that the instruments have a finite accuracy. The number 
of measurement points needed to solve this problem is determined by the numbers of 
unknowns in the system. It is the type of instruments being inter-calibrated that determine the 
number of unknowns in the system. In the case we have two 3 axis instrument of type O2 thus 
two instrument that determine 2 degree of freedom. If N numbers of measurements points are 
taken there will be 3N numbers of unknowns for the attitude of the sensor package. There will 
furthermore be 3 unknowns for each of the rotations from the two frames SYS1 and SYS2 to the 
corresponding reference frames. The relative attitude between the two instruments being 
inter-calibrated is an additional 3 unknowns. All in all this gives 3N + 9 unknowns. A 3 axis 
vector instrument contribute with 3 equations thus each measurements point gives 2*3 
equations so all in all there will be 6N equations. This means that at least three linearly 
independent observations must be taken for the inter-calibration to be solvable. In practice 
more observations are needed because of the non linear form of the observation equations 
which are composed of a number of rotations. Usually the number of measurements points or 
settings is in the order of 100.  
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2.5 Attitude determination 
Determining the attitude of a spacecraft is the same as finding the rotation matrix from a 
spacecraft fixed coordinate system Fs with respect to a known coordinate system, i.e. an inertial 
frame Fi. To solve this problem one would need enough information to find the rotation matrix 
  
 . Typically the combination of sensors and mathematical models are used to get the 
necessary vector components in the spacecraft coordinate system and in the inertial reference 
frame. To determine the attitude of a spacecraft at least two independent vectors are required, 
because it takes three independent parameters to calculate the attitude and a vector provides 
only two of these parameters if the norm (usually equal to one) of the vector is discarded. 
Intuitively this can be seen as one vector giving the direction but not how the spacecraft is 
rotated around this vector. The requirement is therefore that more than one vector is needed. 
Two vectors provide 4 independent parameters which apparently is one too many. This means 
that the problem is ether underdetermined (one vector) or over determined (two vectors) and 
the implication of this is that all attitude methods use estimation algorithms to calculate the 
attitude. In the following two methods are discussed, the triad algorithm and the Q method. 
Triad algorithm  
The first method, known as the Triad algorithm, is rather simple and therefore requires low 
calculation power. Two vectors in the spacecraft coordinate system are known and their 
corresponding vectors in the inertial frame. An example is one unity vector to the sun S and one 
unity vector from earth’s magnetic field B. In the spacecraft frame the two vectors are denoted 
Ss and Bs and in the inertial frame the vectors are denoted Si and Bi. The rotation matrix   
  
should satisfy equation ‎2.27, this however is not necessarily always the case since the problem 
is over determined. The Triad algorithm deals with this by discarding the information that 
makes the problem over determined. 
      
           
    ‎2.27 
The Triad algorithm constructs two triads of orthogonal unit vectors from the information from 
the S and B vectors. The two triads use the same reference coordinate system Fr expressed in 
the spacecraft coordinate system and inertial reference coordinate system. The reference 
coordinate system Fr is constructed by selecting one vector pair inertial/spacecraft as the 
correct one usually the vector from the sensor providing most accuracy. In this study the 
magnetic vector is used and this means that it is the last part of equation ‎2.27 that is satisfied 
exactly. This direction is used as the first base vector of Fr i.e. r1, r1s and r1i.  
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‎2.28 
The second base vector in Fr, r2, r2s and r2i, is constructed as the cross product of B and S vectors 
and is perpendicular to the two vector observations. The triad third base vector is constructed 
as the cross product of the first two base vectors, i.e. r3, r3s and r3i. This means that some 
information is effectively discarded from the sun vector S. It is now possible to construct the 
two rotation matrixes  
  and   
   from base vectors in equation ‎2.28. 
   
                  
              ‎2.29 
The matrix   
  describes the rotation from the reference frame Fr to spacecraft frame and   
  
the rotation from Fr to Fi. By combining these two rotation matrixes to one the full rotation   
  
is calculated and hereby the attitude of the satellite. 
   
    
   
                          ‎2.30 
Equation ‎2.30 is the final step of the triad algorithm. The simplicity of this algorithm is the main 
advantage and the total calculations needed to get the attitude from the two vector pairs S and 
B is four cross product and a matrix multiplication of two 3 by 3 matrixes. The disadvantage of 
this algorithm is that not all the information available is used and it is not able to combine a 
series of observations. 
Q method 
The second attitude algorithm is the q method, which uses statistical methods to estimate the 
attitude of the spacecraft. Again the spacecraft fixed frame Fs is used and the inertial frame Fi 
and the vectors S and B in each frame, from a sun sensor and a magnetometer. The q method 
can use multiple observations from both vector sensors denoted Vns for the series of n vectors 
in the spacecraft frame Fs and Vni for the series of n vectors in inertial frame Fi. If the number of 
observations n is greater than one (i.e. n≥2) the problem can be solved for   
  that minimizes 
the loss function J in equation ‎2.31. Where Wn is the weight on the n’th vector. 
    
 
 
         
      
 
      
      
 
   
 ‎2.31 
The key to solving this problem is to describe it in terms of quaternion and after some 
calculations the result is a 4 by 4 matrix. This has to be solved for the eigenvector 
corresponding to the largest eigenvalue, which results in the least squares optimized estimate 
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of the attitude. The calculation steps are described in (1) R. Wertz. The 4 by 4 matrix can be 
described as in equation ‎2.32. 
     
     
   
  
‎2.32 
The K matrix is constructed of the C and A matrixes, the vector z and the scalar ς that are given 
by the following equations. 
 
            
  
 
   
      
                         
 
       
 
‎2.33 
The eigenvector with the largest eigenvalue is the quaternion that describes the rotation from 
Fs to Fi or equivalently the attitude of the spacecraft. The advantages of the q method are that 
it uses all the information available. It can take a time series of vectors and give the least 
squares optimal estimate of the attitude of the spacecraft. The attitude is given in the form of a 
quaternion which is a more compact and robust form of describing a rotation than a 3 by 3 
direct cosine matrix. The disadvantage is that it requires solving for eigenvectors and 
eigenvalue directly. 
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3 Instrument platform calibration 
This chapter describes the calibration of the instrument platform performed before a magnetic 
survey of the region between Greenland and the North Pole. The instrument platform consisted 
of a magnetometer and an accelerometer. The first step is to calibrate the individual sensors for 
scale factor, offset error and non-orthogonality of the sensor axis the so called scalar 
calibration. This is followed by an intercalibration of the instruments. The magnetometer is the 
primary sensor measuring the magnetic field and the accelerometer is an attitude instrument 
which is needed in order to determine the attitude of the instrument platform. The inter-
calibration is done to find the rotation matrix that describes the rotation between the two 
sensors. 
 
3.1 Calibration of the individual instruments 
The method used for the scalar calibration has been developed at the department of 
measurement and instrumentation at DTU Space. The scalar calibration is described in the 
article Scalar Calibration of Vector Magnetometers (4). The method gives the least squares 
estimate of the offset vector o and the A matrix in equation ‎3.1. The vector eu is the raw 
measurements from the instrument and the offset vector o is the offset of each of the sensors 
axes. The A matrix consist of the scale factors s11, s22 and s33 in the diagonal of the matrix. 
The terms δ12, δ13 and δ23 in the upper part of the matrix are the factors that correct for the 
non-orthogonality of the sensor axis. The v vector is the calibrated measurement for the 
instrument. The scalar calibration method assumes a linear instrument. 
  
  
  
  
    
   
   
   
 
 
 
  
  
  
  ‎3.1 
    
         
       
     
  ‎3.2 
Essentially the scalar calibration method consists of rotating the sensor to multiple positions in 
a constant uniform vector field (e.g. gravity or magnetic field). It is important to ensure an even 
distribution of the measure points over a spherical surface. On Figure ‎3.1 the gravity vector 
measured by the accelerometer is plotted as the accelerometer is rotated through the 89 
evenly distributed measure points. The blue lines are the gravity vector plotted in the 
accelerometer sensor coordinate system the red line shows the movement through the 
measure points. On the second plot the X, Y and Z axes data is shown. 
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Figure ‎3.1: Accelerometer distribution of the measure points for scalar calibration. 
In order to get something that is close to the identity matrix the data needs to be normalized 
first, this is done by equation ‎3.3. The calibration constants found for the accelerometer can be 
seen in equation ‎3.4. 
             
         ‎3.3 
    
       
       
      
    
                 
           
     
  ‎3.4 
The residual before and after the calibration of the accelerometer is calculated as the error 
between the length of the measured gravity vector and 1 g, se equation ‎3.5. 
          
             ‎3.5 
The residual for all 89 measure points is plotted on Figure ‎3.2. As it can be seen the X, Y and Z 
axes are clearly not perfectly orthogonal for the accelerometer sensor. After this is adjusted for 
the error residual of the accelerometer is almost five times smaller. The standard deviation 
before calibration was 3.34 mg after calibration it is 0.70 mg. 
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Figure ‎3.2: Residual of the accelerometer before and after scalar calibration. 
 
The same calibration is performed for the magnetometer, though this is a little more complex. 
First the magnetometer has to be compensated for the nonlinearities of each axis and the 
sensor offset calibrated with respect to temperature. The calibration of the magnetometer was 
performed at the same time as the accelerometer, and Jose M. G. Merayo who calculated the 
calibration constants for the magnetometer. The nonlinearities of the magnetometer are 
mainly due to the A/D converter. The linearization parameters must be found for each 
individual magnetometer unit. Equation ‎3.6 is used to linearize the magnetometer axis where 
the vector a is the reading from the magnetometer, and the vector eu is the magnetometer 
reading in engineering units which is almost in the same as a nT.  
        
     
     
      
      
   
       
       
       
     
        
        
        
      
        
        
        
           
‎3.6 
The scalar calibration was performed, as with the accelerometer, by rotating the sensor to 
multiple positions in a constant uniform magnetic field. On Figure ‎3.3 the magnetic vector 
measured by the magnetometer is plotted as the magnetometer is rotated through the 89 
evenly distributed measure points. The blue lines are the magnetic vector plotted in the 
magnetometer sensor frame the red line shows the movement through the measure points. On 
the second plot the X, Y and Z axis data is shown. 
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Figure ‎3.3: Magnetometer distribution of the measure points for scalar calibration. 
The calibration constants found for the magnetometers scalar calibration can be seen in 
equation ‎3.7 and ‎3.8, notice that the offset vector o is more complex due to the temperature 
compensation. 
     
            
               
                    
           
               
                     
            
               
                     
  ‎3.7 
    
                                
                      
            
  ‎3.8 
 
Figure ‎3.4: Residual of the magnetometer before and after scalar calibration. 
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The residual before and after the calibration of the magnetometer is calculated as the error 
between the length of the measured magnetic vector and the absolute magnetic field strength 
at the calibration site. 
          
    
    
      ‎3.9 
The residual for all 89 measure points is plotted on Figure ‎3.4. As it can be seen the X, Y and Z 
axes are clearly not perfectly orthogonal for the magnetometer sensor. Notice that the scale on 
the y axis is not the same in the two plots. After the error adjustment, the residual of the 
magnetometer is almost 65 times smaller. The standard deviation before calibration was 64.22 
nT after calibration it is 0. 94 nT. 
 
3.2 Inter-calibration of a two sensor system 
The purpose of the inter-calibration is to find the rotation matrix that describes how the two 
sensors are orientated relative to each other. A method that estimates this rotation matrix has 
been developed. The method uses the same data that was used for the Individual instrument 
calibration. The data from each instrument is adjusted with the calibration constants found 
with the scalar calibration before the intercalibration. The two instrument sensors were rigidly 
mounted during the calibration and it is assumed that the two sensors don’t move during the 
calibration. Plots of the collected data from the magnetometer and accelerometer are shown 
on Figure ‎3.5. 
  
Figure ‎3.5: Intercalibration data. 
In the following three reference frames are used. The first is the earth surface coordinate frame 
indicated by subscript e (ge). The magnetometer coordinate frame is indicated by subscript m 
(gm) and the accelerometer coordinate frame is indicated by subscript a (ga).  
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Figure ‎3.6: Reference frames that are used for the intercalibration. 
The basic idea with the method developed is to solve equation ‎3.10 and find   
 . With the 
rotation matrix   
  all the data can be given in the magnetometer reference frame which is 
selected as the output frame. If both gm and ga were known this would be a simple task given a 
sufficient number of data points. The problem is that gm is unknown and needs to be calculated 
first. 
      
    ‎3.10 
The inter-calibration method described in the chapter 2 is used in a simplified form. The main 
difference is that the reference sensor package is replaced by a single vector measurement of 
the magnetic field and gravity field in an earth reference frame denoted Fe. This simplification 
can be seen on Figure ‎3.7 and equation ‎2.23 and ‎2.24 is reduced to equation ‎3.11. 
 
     
   
   
     
    
 ‎3.11 
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Figure ‎3.7: The basic principle of inter-calibration of a magnetometer and accelerometer. 
Ge and Be are the gravity and magnetic vectors at the calibration site and therefore known with 
high accuracy. ga and bm are the gravity and magnetic vectors measured by the accelerometer 
and magnetometer. The problem in equation ‎3.11 is known from attitude determination (1) of 
satellites and the same attitude estimation algorithms can be used to give an estimate of   
 . 
When   
  is known, equation ‎3.10 can be used. Finally,   
  must be determined, in order for 
the attitude estimation algorithms to be used. While the exact   
  is unknown, it is known to be 
very close to the identity matrix. If the assumption is made that: 
 
  
                     ‎3.12 
Where Rx, Ry and Rz are the rotations around each axis and θx, θy and θz are the angles that are 
rotated. An initial guess of zero for the three angles means   
  from equation ‎3.12 is the 
identity matrix. With   
  known with some inaccuracies   
  can be estimated and with the 
relation    
       
  , gm can be estimated as well. This means equation ‎3.10 can be 
rewritten as 
     
      
      
      
   
    ‎3.13 
Where εx, εy and εz are small corrections to the initial guess for the three angles θx, θy and θz. 
Multiple iterations of this calculation can be done with the updated values for the three 
rotation angles. For each iteration this will give a better estimate of   
 . On Figure ‎3.8 a block 
diagram of the intercalibration method is shown. 
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Figure ‎3.8: Block diagram of the intercalibration method. 
To solve equation ‎3.13 for the three correction factors it must be rewritten to isolate εx, εy and 
εz. This is done in equation ‎3.14 where   
    
    for the current iteration. There are 89 data 
points that can be used to determine the correction factors. This means that the problem is 
over determined. If equation ‎3.13 is rewritten as a matrix equation that satisfies all 89 data 
points and solved for the correction factors, a least square estimate of the correction factors is 
computed. 
 
 
   
   
   
 
 
  
   
       
       
 
     
     
       
 
      
       
     
 
   
   
     
 
   
     
  
   
    
     
 
    
 
   
 
 
 
 
 
 
  
  
  
 
                                                                     
                                                                     
                                                                     
              
 ‎3.14 
The first vector in equation ‎3.14 is named W. It is a 3n×1 matrix. The matrix that contains all the 
measured data points is named D. It is a 3n×4 matrix. The parameter vector is called p and has 
the dimensions 4×1. The matrix equation can be seen in equation ‎3.14. 
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                 ‎3.15 
Since p is the unknown equation ‎3.15 must be rearranged to isolate p. 
     
         ‎3.16 
Equation ‎3.16 is solved with the help of Matlab. Care has to be taken solving this kind of 
equations involving matrix inversion. Matlab has a special operator that can be used to 
calculate the parameter vector from equation ‎3.15. Matlab basically performs the same 
operation as described from equation ‎3.15 to ‎3.16 but gives a more accurate result when the 
matrix (DTD)-1 is close to singular. 
The result of the inter-calibration can be seen on Figure ‎3.9. The residuals are calculated as the 
error between the known gravity vector Ge and the measured gravity vector ga rotated to the 
earth surface coordinate frame. The residuals are given in arcs as an error angle. Equation ‎3.11 
is used to calculate the measured gravity vector in the earth surface coordinate system. The 
plot titled before is calculated with the assumption that   
  is the identity matrix. This gives 
errors in the order of half a degree or 1500 arcs before the intercalibration. The result of the 
intercalibration is a better estimate of   
 . 
   
   
                               
                               
                               
  ‎3.17 
Using this   
 , as the rotation matrix that describes how the two sensors are orientated relative 
to each other, the residuals are calculated. The plot of the residuals after the intercalibration is 
shown on Figure ‎3.9. The max error is now 245 arcs, which is a factor of 6 better than before 
the inter-calibration. 
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Figure ‎3.9: Result of the inter-calibration. 
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4 AMR Magnetometer 
In this chapter the design and testing of the AMR magnetometer that has been developed will 
be described. The magnetometer design is a second generation of the magnetometer used on 
the DTUsat mission which was developed during the authors masters degree. The first part of 
this chapter describes the overall measurement principle, the second part the prototype that 
has been build and used for testing. The third part deals with the different tests and calibration 
results. The prototype designed, build and tested is an analog version with internal sensors. The 
reason for this is that the specifications fitted well with the requirements for a magnetometer 
that was needed for the ESA´s GMES program which is a series of five satellites called Sentinel 1 
to 5. To minimize the work load with regard to the qualification of the individual components 
this version of the AMR magnetometer is designed to the greatest possible extend with 
components already used in house. This has resulted in a few suboptimal solutions but in the 
given application they will perform as required and do not have an impact on the overall 
performance of the AMR magnetometer. 
 
The first step in building any instrument is to find the best sensor under the given constraints. 
The sensor selection will be limited to AMR sensors due to the constraints in mass, volume and 
power consumption. Therefore the first step should be to compare a selection of AMR sensors 
to find the most suitable sensor to build a magnetometer. The basis for comparison is a table 
created from the data sheet for each sensor, and a series of tests to be created for each AMR 
sensor. To test the sensors it is necessary to make a prototype PCB, where it is possible to 
change the sensor to be sure that the test of the four sensors are performed under the same 
conditions. 
The parameters to be tested are 
Linearity Sensor output deviation from a straight line. 
Sensitivity Minimum resolution that can be achieved. 
Flip repeatability This refers to the sensor's capacity to return the 
same state after the sensor axis has been flipped 
twice. 
Noise The noise of the individual sensor. 
Power consumption It is the current that will run in the compensation 
coil, which is interesting because the sensor 
resistances are almost identical. 
Table 3: Different sensor parameters to be tested. 
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The mechanical and electrical interfaces to the AMR magnetometer are given in the Table 4 and 
Table 5. The requirements to the mechanical interface are given by the fact that one of the 
standard boxes that are used in house is going to be used. The impact of this mainly affects the 
design of the PCB. The electrical interface is the result of the desire to design a true low-power 
magnetometer. The electrical interface requirements are a compromise between the achieved 
parameters on the AMR magnetometer build for the DTUsat mission and the higher 
performance that is desired.  
 
Mechanical interface 
Mechanical dimensions [mm × mm × mm] 100 × 75 × 50 
Maximum weight [g] 300 
Maximum component height [mm] 5 
PCB Mechanical dimensions [mm × mm] 97 × 47 
Table 4: Mechanical interface. 
 
Electrical interface 
Supply voltage [V] 10 - 70 
Power consumption analog version [mW] 200 
Power consumption digital version [mW] 300 
Table 5: Electrical interface. 
 
The AMR magnetometer is designed to be used as a part of an AOCS system. Therefore the 
magnetometer will be designed to achieve an accuracy that makes it possible to determine the 
satellite's attitude with the precision of 0.1 degree. If a sensor's axis is rotated 0.1 degree with 
respect to the magnetic vector above the equator, this will give rise to a change of approx. 
50nT. It should therefore be possible to measure the magnetic field vector with a precision 
better than this. 
                          ‎4.1 
Since the magnetometer will be used to measure the earth's magnetic field, it must be able to 
measure across the interval found in the earth's natural magnetic field. The strongest field 
strengths are over the poles, and are approx. 60000nT. With little margin the measuring range 
of the magnetometer is set to ± 75000nT. The magnetometer deviation from linearity must not 
exceed 1 ‰, or ± 75nT. 
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Magnetometer performance 
Range [nT] ±75000 
Linearity [nT] ±75 
Sensitivity [nT] <5 
Noise RMS [nT] ±25 
Bandwidth [Hz] 10 
Table 6: Magnetometer performance. 
 
4.1 Measurement principle (Removed from public version) 
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4.2 The electronic circuit (Removed from public version) 
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4.3 Choice of Sensor (Removed from public version) 
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4.4 Calibration of the AMR magnetometer  
The calibration of the analog AMR magnetometer has been performed using the scalar 
calibration method that is described in (4) and section ‎3.1. Since the scalar calibration method 
assumes a linear instrument the linearity of the AMR magnetometer has to be tested before 
the scalar calibration of performed. The test setup consist of three Agilent multi-meters and a 
power supply that can be controlled through a GPIB interface. The multi-meters measure the 
three analog output voltages and the power supply controls the current in the coil. The linearity 
test was performed with a simple coil to generate an external magnetic field from -100 µT to 
100 µT. This is in the order of 25% more than the dynamic range of the magnetometer and as it 
can be seen on Figure ‎4.1 the three analog outputs reaches the saturation point in both 
extremes. The linearity test setup was placed in a magnetic shield to remove any interference. 
The result of the linearity test can be seen on Figure ‎4.1. The plot on the left is the raw data and 
the plot on the right shows the three axes linearity error. The linearity error is only shown for 
the data that is in the specified dynamic range of the magnetometer. 
  
Figure ‎4.1: Linearity test of the Analog AMR magnetometer. 
As it can be seen from the figure the linearity error of all three axes lies within ±20 nT, with the 
standard deviations of 5.7965, 6.5878 and 6.0950 for the X, Y and Z axes respectively. As the 
requirements for the linearity of the magnetometer is 1‰ of the specified dynamic range or 75 
nT the AMR magnetometer is regarded as linear. The scalar calibration was performed with 34 
measurement points, which were evenly distributed over the spherical surface. The scalar 
calibration was performed in the laboratory, and as a result the magnetic field cannot be 
expected to be completely homogenous; some magnetic noise must be expected. To account 
for this as much as possible the AMR magnetometer was placed carefully on the 2 axes rotation 
table in such a way that the sensors of the magnetometer move in as little in space as possible. 
To account for the magnetic noise multiple measurement are taken in each setting. The result 
of the scalar calibration can be seen on Figure ‎4.2. On the left the raw data is shown and on the 
right the residual before and after the scalar calibration can be seen.  
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Figure ‎4.2: Scalar calibration data and residual before and after. 
The offset vector and the calibration matrix can be seen in equation ‎4.3. It is important to 
notice that the raw data is normalized with equation ‎4.2 before the calibrations parameters are 
found. This means that the offset vector is in pseudo nT that is, before the scale factors in the A 
matrix is applied on the data. The scale factor of the x axis is then 30000*1.0642 = 31926 nT/V 
giving a dynamic range of 159630 nT. For the y axes and z axes the scale factors are are 31740 
nT/V and 31950 nT/V respectively. 
                       ‎4.2 
    
        
         
      
    
                  
            
      
  ‎4.3 
The standard deviation of the residual after the scalar calibration is 16.4 nT. This means that 
three standard deviations or 99.7% of all measurement will be within ±50 nT of the actual 
magnetic field. Keeping in mind that the scalar calibration was performed in the laboratory the 
results is rather good as it must be expected that there are some magnetic disturbance.  
An opportunity arose to have the AMR magnetometer calibrated at the intercalibration site 
used by the ESA Swam satellite mission. The intercalibration site is located at an astronomical 
observatory on a mountain near the city of Almeria in Spain. For the calibration of the AMR 
magnetometer to be possible, the AMR magnetometer had to be modified to have the same 
interface to the outside world as the fluxgate magnetometer. The solution to this was using the 
option for the digital AMR magnetometer that was discussed in section ‎4.2. The idea is basically 
to use the AMR magnetometer as the analog frontend and the digital part of the fluxgate 
magnetometer as the control circuit and output interface. A prototype of this AMR 
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magnetometer was build and tested as much as possible before it was finally assembled. The 
actual data recording for the scalar calibration was done on-site by Jose M.G. Merayo and Lars 
Timmermann. The data received back from Spain is shown on Figure ‎4.3. Plot 1 for the AMR 
magnetometer and plot 2 shows the magnetic field at the site measured with an Overhauser 
magnetometer. The scalar calibration was preformed with 22 measurement points. Each 
measurement was given a time stamp. Plot 3 on Figure ‎4.3 shows the data that was used to do 
the scalar calibration. Each measurement point consists of an average of 10 seconds of data for 
the X, Y and Z axes.  
1 
 
2 
 
3 
 
4 
Figure ‎4.3: Scalar calibration results from Almeria in Spain. 
The residuals after the scalar calibration can be seen on plot 4 Figure ‎4.3. As it can be seen 
there is a rather large improvement on the residuals. The standard deviation of the residual is 
now only 2 nT compared to the 16.4 nT from the scalar calibration preformed in the laboratory. 
With the new results the measurements that are within three standard deviations will be within 
±6 nT of the actual magnetic field. The offset vector and the calibration matrix can be seen on 
equation ‎4.5. It is important to notice that the raw data is normalized with equation ‎4.4 and 
that this is different from the method used in equation ‎4.2. The scale factors for the X, Y and Z 
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axes can be calculated with the same unit as above and are in the same order 31079 nT/V, 
30749 nT/V and 31242 nT/V respectively. These scale factors correspond well with the ones 
found with the analog AMR magnetometer. The small difference can be contributed to the fact 
that it is two independent prototypes. 
        
  
     ‎4.4 
    
       
       
       
    
                   
            
      
  ‎4.5 
The noise of the AMR magnetometer can be seen on Figure ‎4.4. The data is recorded with 10Hz 
sampling rate. As it can be seen from the figure the standard deviation of the noise signal is just 
below 7 nT which is a rather good result. These results satisfy the requirements for the AMR 
magnetometer that is specified in Table 6. The noise and the linearity of the AMR 
magnetometer is a factor of 3 better than the requirement. 
 
Figure ‎4.4: Noise of the AMR magnetometer that was calibrated in Spain. 
  
‎4 AMR Magnetometer  58 
58 
 
4.5 Summary 
Two prototypes of the AMR magnetometer has been designed, one with analog output and one 
with digital output. The analog AMR magnetometer has been designed to meet the 
requirements for the ESA Sentinel satellites. This goal was achieved. The analog magnetometer 
has a mass of a little less than 300g and a power consumption of 150mW with the overall 
dimensions of 100x50x50 mm. The scalar calibration of the analog magnetometer showed that 
the standard deviation of the residual after the scalar calibration is 16.4 nT. Keeping in mind 
that the scalar calibration was performed in the laboratory the results is rather good as it must 
be expected that there are some magnetic disturbance. The prototype of the digital 
magnetometer is not a mechanical equivalent, but since the final digital magnetometer is going 
to use the same box as the analog version, the mass and dimensions will be similar to those of 
the analog version. The performance of the digital magnetometer have been tested and 
showed that the noise has a standard deviation of less than 7 nT and the residual after the 
scalar calibration has a standard deviation of 2 nT. 
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5 Magnetic survey of the region between 
the North Pole and northern Greenland 
The exploration of the magnetic field and the gravity field also referred to as “geopotential field 
exploration” provides geoscientists with an indirect way to see beneath the surface of the 
earth. The different properties measured can be the density and magnetization of the rock 
below the surface. Geopotential field exploration can help locate mineral and oil deposits, 
groundwater reservoirs and faults lines. The search for more accurate instruments or new 
methods to produce better maps of magnetic and gravity anomalies is an ongoing process. 
There are two main drivers for this research, the first economical. Geopotential field 
exploration plays a major role in the search for mainly oil but also different kinds of minerals. 
The second driver is research of the physics of the earth interior, which is interesting for two 
reasons. Understanding the processes in the earth will help us to understand the processes that 
formed the solar system and the planets and what might be going on in other planets in the 
solar system. Additionally the use of geopotential maps is a relatively new development in the 
many available personal navigation systems, mainly for cars but also other forms of transport. 
These navigation systems have incorporated the geopotential maps into their systems to 
increase their reliability with great success. 
This chapter will cover the instrument platform that was used for the magnetic survey of the 
region between the North Pole and northern Greenland. The calibration method of the vector 
instruments is described. An idea to use a vector instrument to measure the magnetic field in 
order to get greater sensitivity over the scalar instrument that is normally used, is tested. In 
order to be able to use the vector information the orientation of the sensor must be known and 
a method for estimating the orientation of the sensor is therefore tested as well. Scalar 
calibration of the magnetometer and accelerometer is performed as well as an intercalibration 
of the two vector instruments. A method has been developed for the intercalibration and the 
rotation matrix that describes how the two sensors are orientated relative to each other has 
been found. Finally all the data have been read in to Matlab’s standard data file format, 
corrected with all the calibration constants. All the data is given in the magnetometer reference 
frame. Finally the magnetic data is plotted as magnetic anomaly maps of the area. 
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5.1 Instruments for measuring geopotential fields 
Geopotential field refer to the gravity field and the magnetic field. In the following a description 
of instruments used to measure the geopotential fields will be given. 
 
Gravity measure instruments 
There are two categories of gravity instruments, those which measure the absolute gravity and 
those which measure the gravity relative to the point where it was calibrated. The quantity 
measured is g [m/s2] which is defined to be the vertical gravity component. Absolute gravity 
meters is usually a fixed installation with an instrument that accurately measure the time of a 
falling mass or the oscillations of a pendulum. Relative gravity meters can be constructed in 
various ways. The methods used are the torsion balance, the pendulum and the gravity meter. 
The gravity meter is the only one that is still used. 
The original method of measuring g was measuring the time of a freely falling body. The 
accuracy was poor due to the difficulty of measuring the small time periods with sufficient 
accuracy. As instrument technology improved making it possible to measure time with high, 
elaborate free fall gravity meters were located at several laboratories. If an accuracy of 1 mGal 
is the requirement it is necessary to measure the time to about 10-8 and the distance better 
than 1/2 µm with a free falling mass that moves 1 to 2 meters. Because of these difficulties the 
preferred method for measuring g was until recently using a reversible Kater pendulum (5). The 
Kater pendulum is special in the way that it has two pivot points and consequently can be 
turned upside down and swung. A small weight is used to adjust the pendulum so it has the 
same period in both positions. When the Kater pendulum is adjusted the equation ‎5.1 for the 
ideal simple pendulum can be used to calculate g from the measured time period T. L is the 
length of the simple pendulum and in the case of the reversible Kater pendulum L is the 
distance between the two pivot points the Kater pendulum can be positioned in. Henry Kater 
reached accuracy in the order of 10mGal when he made corrections for the width of the 
pendulums swing, the temperature, the atmospheric pressure and the altitude. 
      
 
 
 ‎5.1 
 
The advantage of the relative gravity meters was that they could be relatively small compared 
to the absolute gravity meters. 
‎5 Magnetic survey  61 
61 
 
Relative gravity meters have been constructed in various ways. Examples are portable 
pendulum, torsion balance, stable type gravimeters, unstable type gravimeters, LaCoste 
Romberg gravimeter and Worden gravimeter se Figure ‎5.1. 
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Figure ‎5.1: Basic principle of different types of gravimeters. 
 
The only gravity meters that is still used for gravity surveys is the Worden and LaCoste-Romberg 
gravimeter (5). In the following the basic principle of a LaCoste-Romberg gravimeter is 
described. The principle of the LaCoste-Romberg gravimeter is that the changes in gravity Δg 
will change the length of the spring s. The spring used is a zero length spring which is a spring 
where the tension is proportional to the length of the spring and if there are no external forces 
acting on the spring it will collapse to length zero. The reason a zero length spring is used is that 
if the spring can support the mass M and the bar in the horizontal position, it can support the 
mass M and the bar in any position. For the tension of the spring we use k(s - c) where k is the 
spring constant, s is the length of the spring and c is a small correction for the zero length spring 
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not being a truly zero length spring. To calculate the sensitivity of the LaCoste-Romberg 
gravimeter we start with the moments about the pivot point se Figure ‎5.1. 
 
                          
‎5.2 
Where θ is the angle of the bar holding the mass M to horizontal position. By rearranging the 
equation and using the law of sine and cosine we get. 
   
 
 
 
 
   
 
 
   ‎5.3 
 Equation ‎5.3 can also be expressed by Δg and Δs as in equation ‎5.4. The sensitivity of the 
gravity meter is determined by the factors in front of Δs. By decreasing one or more of the 
factors Δs increases equivalently for a certain change in Δg.  
    
 
 
 
 
 
 
 
 
   ‎5.4 
    
 
 
 
 
       
      
   ‎5.5 
The Worden gravimeter is very similar to the LaCoste-Romberg gravimeter and a similar 
calculation can be made. The equation for the sensitivity of the Worden gravimeter can be seen 
on equation ‎5.5. The correction factor c in equation ‎5.4 for the LaCoste-Romberg gravimeter is 
negligible for the Worden gravimeter. The fraction with the cosine approaches zero when α 
goes to zero which can be used as another method for increasing the sensitivity. Both the 
LaCoste-Romberg and Worden gravimeter is in practice used as a null instrument, meaning that 
a second spring which can be adjusted to restore the bar holding the mass back to horizontal 
position is used. Both gravimeters have a high sensitivity in practice generally around 0.01mGal. 
An example of a modern LaCoste-Romberg gravimeter can be seen on Figure ‎5.2. 
 
Figure ‎5.2: Air and Sea gravity system form lacosteromberg.com. 
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Magnetic measure instruments 
Instruments that measure the magnetic field can be divided into two groups, vector 
magnetometers and scalar magnetometers. Common to both types is that they measure the B 
field typically called the induction or flux density. There are many types of magnetic sensor 
principles. Examples are Fluxgate, Proton Precession, Optically Pumped, Hall Effect, SQUID and 
Magneto resistive Sensors. The sensor principles which are most often used to build 
magnetometers are the Fluxgate and Proton Precession magnetometer. A short description of 
these to sensor principles will be given. 
µ(t)
Iexc Vind
B
 
Figure ‎5.3: The fluxgate principle. 
 
Fluxgate magnetometer was first seen in the late 1920s and the first patent was credited to H. 
P. Thomas (2). In 1936 Aschenbrenner and Goubau reported a resolution of 0.3 nT using a ring 
core sensor. During World War 2 the fluxgate magnetometer was developed for submarine 
detection. After World War 2 the fluxgate magnetometer was used for geophysical prospecting 
looking for oil and minerals. Later the fluxgate magnetometer was used for space applications 
mapping the earth’s magnetic field and studies of the magnetosphere. The principle in the 
fluxgate sensor can be seen on Figure ‎5.3. Two coils are wound on a bar of a magnetic soft 
material with a high magnetic permeability. One of the coils is used to periodically saturate the 
core material in both polarities by the excitation field that is generated by Iexc through the 
excitation coil. Iexc has a frequency of f. When the core material is saturated the flux in the core 
is constant that means that the permeability must be changing. The permeability changes with 
2f because the core material is saturated two times each period of f. If there is an external field 
B present the flux associated with this field also changes with 2f this can be seen on Figure ‎5.5. 
These changes in the magnetic field induce a voltage Vind in the measuring coil. The problem is 
that the magnetic flux from the excitation current is also picked up in the measuring coil and 
this is a much larger signal. This can be solved by designing a sensor that is in balance by letting 
the flux from the excitation current pass through the excitation coil once in each direction. 
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Thereby the combined flux from the excitation coil is zero if the sensor is perfectly balanced. 
One sensor setup is the ring core sensor where the excitation coil is wound on a ring of the core 
material. The ring is then placed inside the measuring coil as on Figure ‎5.4. In this configuration 
the total flux from the excitation current will be zero or at least very small. 
Φ(Iexc) Φ(Iexc)
Hext
 
Figure ‎5.4: Ring core fluxgate sensor. 
 
The output from the ring core sensor can be seen on Figure ‎5.5. The first plot shows the 
excitation current Iexc and the magnetic flux in the core material. The saturation occurs on the 
flat part of the flux curve. Developing an equation for the magnetic flux in the measuring coil 
for the ring core sensor only taking the flux in the core material which is the time varying flux 
into account, then starting with the left side of the ring we have the flux from the excitation 
current and the flux from the external field. The flux from the excitation can be expressed by 
             and the flux from the external field is expressed by          , where A is the 
cross section area of the ring core. This is the first two terms in equation ‎5.6. The right side of 
the ring core on Figure ‎5.4 contribute with the same amount of flux with the exception that the 
flux form the excitation has the opposite sign. 
       
  
  
                                               ‎5.6 
The two terms from the excitation cancels each other out and we have. 
       
  
  
             ‎5.7 
The first plot in Figure ‎5.5 shows the excitation current Iexc and the magnetic flux in the core 
material. During the saturation µ(t) changes and therefore the flux through measuring coil also 
changes. This gives raise to the voltage that is shown on the second plot in Figure ‎5.5. 
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Figure ‎5.5: Simplified waveforms: a) Excitation current and associated magnetic flux. 
b) Induce voltage in the measuring coil. 
 
There are several ways to measure the induced voltage Vind. The most frequently used is based 
on the detection of the second harmonic of the excitation frequency in Vind. The block diagram 
on Figure ‎5.6 shows the basic blocks of a second order harmonic magnetometer. The signal 
from the sensor is amplitude modulated by the component of the external field that is in the 
sensitive direction of the sensor. The key component in this setup is the Phase Sensitive 
Detector that demodulates the signal form the sensor back to a dc signal or low frequency 
signal. If the first harmonic or other signals are too dominant, a preamplifier and a bandpass 
filter may be necessary. The signal at the output of the Phase Sensitive Detector is proportional 
to the magnetic field at the sensor. This signal can then be converted to a digital signal or can 
be further filtered and amplified before an analog to digital conversion.  
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Figure ‎5.6: Block diagram of a fluxgate magnetometer. 
 
Some magnetometers use a feedback system that compensates the magnetic field at the 
sensor to zero. This is done by introducing an integrator that controls the current in the 
compensation coil. The input to the integrator is the output on Figure ‎5.6. This means that the 
sensor is used only as a zero detector and the output is zero or very close to zero. Instead of 
measuring the sensor output the current in the compensation coil is measured. Other fluxgate 
magnetometers use an entirely different property of the fluxgate sensor, measuring the shift in 
the rising and falling edge of the Vind signal to determine the external magnetic field at the 
sensor. 
 
Around 1945 the discovery of nuclear magnetic resonance or the fact that some nuclei have a 
magnetic moment was made. The spin of the nuclei coupled with the magnetic moment of the 
nuclei cause them to precess about the magnetic field vector. This is very similar to a spinning 
top that precess about the gravity vector right before it falls. The proton precession 
magnetometer uses this effect to measure the magnetic field and as the name may indicate it is 
the precession of the proton that is measured. There is a simple relation between the γp 
gyromagnetic ratio of the proton, the magnetic field B and the angular velocity the proton 
precess with ω. 
 
      
‎5.8 
The gyromagnetic ratio of a proton in pure H2O uncorrected in a spherical container at 25°C is 
γp = 267,515,255 s
-1T-1 (9). The value is known to an accuracy of about 0.30 ppm. It is necessary 
to correct for the fact that proton magnetometers is not using pure H2O. Some magnetometers 
have added antifreeze or use some other proton rich fluid. Also the geometric shape of the 
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sensor needs to be corrected for because it is not a perfect sphere. This means that the actual 
accuracy when the gyromagnetic ratio is corrected is a little worse in the order of 10 ppm. The 
proton precession magnetometer measures the frequency of the free precession of protons 
that have been polarized in a direction which is approximately perpendicular to the field that 
we wish to measure. When the polarizing field is removed the protons precess with an angular 
velocity ω. The precession of the proton induce a signal in a pickup coil with a frequency of 
f=ω/2π. With equation ‎5.8 we get. 
 
         
‎5.9 
Equation ‎5.9 shows that the magnetic field B only depends on the gyromagnetic ratio of the 
proton γp and the measured frequency. The constant 2π/γp = 23.4872 ± 0.002 nT/Hz gives the 
direct relation between the measured frequency and magnetic field. A magnetic field of 50,000 
nT corresponds to a signal frequency of 2,128.8 Hz. For a sensitivity of 1 nT the magnetometer 
must be able to measure the frequency with an accuracy better than 0.05 Hz. Since the 
gyromagnetic ratio of the proton is known with a high accuracy it is the accuracy of the 
frequency measurement that determines the accuracy of the proton precession magnetometer. 
It is relative easy to measure frequency with a high precision which makes the proton 
magnetometer one of the most precise instruments for measuring the magnetic field. One of 
the advantages of the proton magnetometer is that it is an absolute instrument which in 
principle means it is calibration free. The disadvantage is that it is a scalar magnetometer and 
hence gives no vector information. 
 
 
5.2 Methods for geopotential field mapping 
Surveys of the geopotential fields can be divided into three categories; Land, Sea and Air 
surveys. There are advantages and disadvantage with all three categories. The selection of the 
survey form is dependent on the purpose of the survey and the expected size of the features 
being measured. Oil and mineral prospecting is one of the applications for geopotential field 
mapping and much of the literature on the subject is written with this as the purpose. An 
important factor in selecting the survey form is the spacing of the data points or measuring 
stations. The spacing of the data points is usually an assumption based on size and depth of the 
features sought. If the goal is to investigate a large area for the occurrences of for example oil, 
the desired spacing is as far as possible but not so far apart that the anomalies would be 
missed. For oil prospecting one measurement station per 2 to 4 km2 is normal because the 
anomalies associated with oil are usually larger than this. When the investigation of a large area 
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is done it might be desirable to map one or more anomalies in detail and station spacing down 
to as little as 1 m for both gravity and magnetic measurement are used.  
Corrections. Gravity meters usually have some form of drift in their null reading which gradually 
get worse with time. This is mainly due to the spring that is used in the core of the instrument. 
To correct for this it is necessary to reoccupy some stations multiple times and then correct the 
measurement with the drift recorded. The time between reoccupying stations depend on the 
desired accuracy. In magnetic surveys drift is usually not a problem because absolute 
instruments are used like the proton magnetometer. However diurnal variations in the 
magnetic field may interfere with the survey and therefore a stationary magnetometer is 
usually used to record the slow variations and the magnetic measurements can be corrected for 
the diurnal effect. However the anomalies sought are often larger than 500 nT and the diurnal 
effect is in the order of 20 nT therefore such precautions are often unnecessary in most 
surveys. In magnetic surveys it is usually the crust of the earth which is of interest therefore the 
data have to be corrected for the main field from the earth´s core. The IGRF model is usually 
considered as a good model of the earth´s main field.  
Anomalies. Is used as the term to describe the field that originates from the crust of the earth 
or lithosphere field refer to equation ‎2.8. The anomaly field is the field that remains when all 
the other terms are accounted for. 
 
Land surveys 
Land surveys are the most precise form of survey and are used to get a detailed map of an 
anomaly for further study. The advantages of land surveys are that the measurement stations 
locations are known with a relatively good accuracy. The spacing of the stations is usually small 
in the order of a few hundred meters for gravity and 50 m for magnetic measurement. When 
land survey of the gravity is performed the gravity meter must be leveled precisely for each 
station and the platform needs to be stable during the measurement. Also the surveying of the 
stations needs to be performed carefully to achieve the precision needed. To achieve an 
accuracy of 0.03mGal it is necessary to know the elevation with about 10 cm and the latitude 
with about 30 m. This takes time and it may take three or four teams to locate useable stations 
to keep up with one instrument operator. When land survey of the magnetic field is performed 
the operation of the instrument is not as straightforward as the gravity meter. Special care 
must be taken to insure that the measurement is not performed to close to objects containing 
iron such as railroads, fences and buildings. Even the vehicle that is used to move between 
stations needs to be at a relatively large distance. The operator of the magnetometer needs to 
be careful not to wear iron articles such as belts buckles, compasses, mobile phones or keys and 
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coins in the pockets. The disadvantage of the land survey is that is fairly slow to cover large 
areas and in some areas the terrain complicates the survey making the access difficult. 
 
Sea survey 
Considerable geopotential field mapping have been performed at sea. The main application 
have been large scale oceanographic surveying with the main interest in earth physics and oil 
prospecting. Much of the data supporting the theory on plate tectonics come from the study of 
geopotential fields at sea, mainly the magnetic survey. Mapping the gravity field at sea has 
been performed in different ways. One method is to use an adapted gravity meter that can be 
lowered down from a ship to operate on the sea floor. This method have been used to depths 
of 200m. The instruments and support equipment in some models weigh about 300 kg to insure 
stability. Despite the high accuracy of this method it is now in little use because of the vast 
amount of time it requires at each station. Another problem with this method is that it is hard 
to reoccupy the same location twice even when the ship is in the same location it may not be 
possible to place the gravity meter exactly on the same spot on the sea floor. Most gravity 
surveys use a gravity meter that is mounted on board the ship. The gravity meter is then 
mounted in a gyro stabilized platform like the one showed in Figure ‎5.2. To reduce the 
influence of the ships movements the gravity meter is mounted in a part of the ship where 
there is minimum movement due to roll and pitch. The gravity measurement is then made 
continuously as the ship move along the desired path. This gives rise to another problem. In this 
setting the gravity meter is not at rest when the measurement is taken. Therefore it is 
necessary to correct for the ships velocity as it moves on the surface of the earth and therefore 
increases or decreases the centrifugal force acting on the gravity meter. The correction for the 
velocity ΔgV is called Eötvös correction and is given by. 
 
                                
        
‎5.10 
Where V is the velocity of the ship in kilometers per hour, φ is latitude and α is the heading of 
the ship with respect to true north. Errors in the Eötvös correction because of errors in V and α 
can by expressed by. 
 
                                                            
‎5.11 
Where V and ΔV is in kilometers per hour and Δα is in degrees. For a ship with a velocity of 10 
km/h with an uncertainty of 0.2 km/h and a heading error of 1 degree the error of the Eötvös 
correction is in the order of 0.5 mGal depending of the direction of the ship. There are no major 
problems in marine operations of a magnetometer and both proton and fluxgate 
magnetometers have been used. The magnetometer is towed a few hundred meters after the 
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ship to minimize the magnetic effect of the ship. The stabilization of the orientation of the 
sensor is a minor problem since only the scalar field is measured. The proton magnetometers 
only have a blind cone of 5 to 10 degrees of the polarizing field axis where the signal is 
inadequate hence as long as the magnetic field is not close to parallel there is no problems. The 
use of ships in magnetic surveys is minor as it offers no advantages over the use of aircrafts and 
it is considerable more expensive, unless the magnetic surveys is performed in conjunction with 
another surveys. 
 
Air survey 
Air surveys offer a great advantage in speed and cost of mapping large areas in a relatively 
short period of time. Air survey can be used over water and in areas where the terrain is 
inaccessible hence minimizing some of the difficulties in ground surveys. Measuring gravity 
from the air is a relatively new because of problems with large changes in the heading, roll, 
altitude and linear acceleration causing noise in the measured signal. Some of the first airborne 
gravity surveys were performed in the 1980 and suggested that airborne surveys could be 
useful for large regional studies and reconnaissance for larger features. New technologies 
which mean better instruments and better gyro stabilized platforms have helped to overcome 
these problems. Finding the location of the aircraft with sufficient accuracy has been one of the 
major problems. The preferred way to determine the precise location, have been to take 
photos of the ground on strip films along the flight path and then process the data later. The 
photos and measured data are tagged simultaneously at fixed intervals to make this process 
easier. This problem has been completely solved by the introduction of the GPS system which 
makes it possible to get a precise location of the aircraft. The accuracy of the GPS system is 
usually better than 1 m sometimes even in the order of 1 cm and the update rate is usually 1 Hz 
but some GPS revisers have update rates op to 10 Hz. The flight pattern of airborne surveys is 
usually parallel lines with a spacing of 100 m op to several kilometers and the altitude of the 
aircraft is usually kept at a fixed level. There are only few disadvantages of airborne surveys. 
The cost to survey a small area may be too high and therefore not a practical solution. Another 
disadvantage is the attenuation of small near surface anomalies because of the altitude of the 
aircraft however flying at low altitude minimizes this problem. This problem applies mainly to 
mineral prospecting where small anomalies are usually of interest. 
 
5.3 Platform for regional aeromagnetic mapping 
The platform for a magnetic survey of the region between Greenland and the North Pole was 
predetermined to be an airborne survey. The reason was that another department of DTU 
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space was doing an airborne gravity survey of the same region and the idea to do a magnetic 
survey at the same time was fostered. This meant that the platform for the magnetic part of 
the survey had to be made in such a way that it did not interfere with the gravity survey. 
Magnetic surveys are normally done with an absolute magnetometer for example a proton 
magnetometer or an optical pumped magnetometer. For this survey a 3 axes fluxgate 
magnetometer similar to the one that is being used on the three SWARM satellites is used. 
Using an absolute magnetometer poses a problem in that the sensitivity of the anomalies being 
sought for is dependent on the direction of the magnetic component originating from the 
anomalies. Two examples are shown on Figure ‎5.7, one where the magnetic component 
originating from the anomaly is perpendicular to the main field and one where the magnetic 
component is parallel to the main field. In the example the main field B is 50000 nT and the 
magnetic component originating from the anomaly a is 500 nT. The problem is that the 
absolute magnetometers can only measurer the total magnetic field. In the first example the 
magnetic component from the anomaly is perpendicular to the main magnetic field. Using 
equation ‎5.12 the resulting increase in the measured field is only 2.5 nT. In the second example 
the magnetic component from the anomaly is parallel to the main magnetic field and the result 
is an increase in the measured field of 500 nT as seen in equation ‎5.13.  
1 2
B B
a a
 
Figure ‎5.7: Main magnetic field and magnetic component originating from the anomaly. 
 
                                 ‎5.12 
 
                          ‎5.13 
As it can been seen there is a big difference in the measured anomaly by the absolute 
magnetometer depending on the direction of the magnetic component from the anomaly. This 
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problem can be solved by using a 3 axes magnetometer that measures the 3 vector 
components of the magnetic field. This sound like a simple solution to the problem but there 
are some extra factors that have to be taken into consideration. One is that the orientation of 
the sensor has to be known in order to be able to use the vector information. This is not a 
requirement when using a scalar magnetometer. The idea is to use a 3 axes magnetometer and 
investigate if it is possible to determine the orientation of the sensor with sufficient accuracy to 
use the vector information. 
 
The airborne magnetic survey platform 
The airplane used is a Douglas DC-3 from a Canadian company Kenn Borek Air. The advantages 
of the DC-3 is long flight range which makes the logistics of the survey easier and allow long 
flight paths from the airfields in northern Greenland and Canada towards the North Pole. The 
DC-3 has a relatively low cruise speed approx. 300 km/h which allow for closer data points 
along the flight path with a sampling rate of 1 Hz corresponding to 83 meters between data 
points. The distance between the parallel flight paths is 12 km which means that the resolution 
is a lot higher along track than perpendicular to the flight tracks. Figure ‎5.8 shows a picture of 
the DC-3 that is used for the survey. An approx.  4 meter long glass fiber boom is placed on the 
tail and used to mount the magnetometer. This is done to move the magnetometer away from 
the magnetic body of the airplane. Two magnetometers were mounted on the boom, an 
absolute magnetometer at the tip of the boom and our vector magnetometer approx. 1.5 
meters from the tip of the boom. This is however not an optimal solution since the absolute 
magnetometer only has an accuracy of approx. 3 nT and the vector fluxgate magnetometer has 
an accuracy of approx. 0.3 nT. It is a trivial task to convert the tree vector components from 
vector magnetometer to the absolute magnetic field strength. Since this gives a more precise 
measurement than that of the absolute magnetometer the absolute magnetometer would have 
been at better use on the ground as a reference magnetometer to track the daily variations in 
the magnetic field. In this configuration the data from a ground reference magnetometer could 
have been used to monitor/correct for the daily variations in the magnetic field. In the authors 
opinion it would have been a better solution to move the more precise instrument to the tip of 
the boom as far away from the magnetic disturbance from the plane, and then use the absolute 
magnetometer as a ground reference magnetometer as close to the survey area as possible. 
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Figure ‎5.8: DC3 used for the gravity and magnetic survey with 4 meter glass fiber boom. 
 
The vector magnetometer used is similar to the one being used on the three SWARM satellites. 
It is located 1.5 meters from the tip of the boom and connected to the electronic box and 
computer in the airplane. Figure ‎5.9 show some pictures that were taken during the installment 
of the magnetometer into the tail boom on the plane. The first two pictures shows the 
magnetometer sensor itself and the styrofoam used keep the sensor fixed in the boom. The 
reason styrofoam is used is that it has a high insulation this helps protecting the sensor at low 
temperatures. The rest of the pictures show how the sensor is placed in the boom and the 
placement of the box that holds the electronics and the computer. On the last picture the box 
closest to the camera is the one that holds the electronics and computer for the vector 
magnetometer. The equipment that is furthest away is the instruments for the gravity survey. 
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Figure ‎5.9: Pictures of the installment of the vector magnetometer. 
 
The absolute magnetic field strength can be calculated from the x, y and z component of the 
vector magnetometer without any knowledge of the orientation of the sensor. If the vector 
information is to be used then it is necessary to know the orientation of the sensor with 
sufficient accuracy. The idea is to mount an accelerometer to the magnetometer sensor in a 
rigid structure in such a way that the magnetometer sensor and accelerometer always has the 
same orientation relative to each other. The accelerometer can be seen as the aluminum block 
mounted on the back of the magnetometer sensor on Figure ‎5.9 picture 2. With the 
‎5 Magnetic survey  75 
75 
 
accelerometer rigidly mounted to the magnetometer sensor the direction to the center of the 
earth can be determined, but the rotation of the two sensors around this vector is still 
unknown. With another vector the full attitude/orientation of the sensors can be determined 
as long as the second vector is not parallel with the first vector. For the second vector we will 
use the magnetic field vector measured by the magnetometer. The magnetic contribution from 
the crust will result in an error in the estimated orientation of the sensor but this will be 
relatively small, because the contribution from the crust only constitutes a few percent of the 
total magnetic field. When the orientation of the sensor is known the magnetic vector 
measurement can be rotated into a more suitable coordinate system. The finale step is to 
subtract the main magnetic field from the earth’s core from the magnetic vector measurement 
leaving the magnetic field that originate from the crust of the earth. The IGRF model will be 
used as the magnetic reference field for the earth’s core. The input to the IGRF model in order 
to get the magnetic vector is the location and time. To determine the location of the plane 
during the survey an advanced GPS system with multiple antennas was installed. The GPS 
information is distributed to all the computers that are logging the measured data. The GPS 
data packet is standard NMEA sentences that contains time, latitude, longitude and altitude. 
The specific NMEA sentences used is “$GPGGA”. The update rate of the GPS is 1 Hz which 
means that the flight path is recorded every 83 m taking the speed of the plane into account. 
The computers that record the data generate a data file for each type of data. The result is 
three data files MagData.txt, AccData.txt and TimeData.txt. The file TimeData.txt is used to 
synchronize the GPS data with the data from the magnetometer and the accelerometer. 
 
5.4 Data fusion 
The raw data is saved in text files with 15 minutes of data in each data file. The name of the file 
includes the instrument and the PC time for the first measurement in that file. The format of 
the data files is one line per data point with the PC time in the beginning of each line and then 
the specific instrument data. The data fusion process will cover reading all the data files into 
Matlab data files so the data is ready and easy to use. This will cover synchronizing the 
magnetometer and the accelerometer data with the GPS time and location and applying the 
instrument dependent calibration constants to the data for each instrument. For the 
accelerometer this process also covers the rotation of the accelerometer data into the 
magnetometer coordinate system. The final result is a Matlab data file with all the data that can 
be easily loaded. On Figure ‎5.10 a flowchart of the data fusion process can be seen.  
Level 0 process. The first step, called level 0, reads all data files in to Matlab and saves the raw 
data for further processing. It is done this way because reading all the data files take a long time 
and the raw data files only needs to be read again if there are chances in the level 0 process.  
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Figure ‎5.10: Flowchart of the data fusion process. 
 
Time synchronization. In this step each measurement is given a time stamp; the reference time 
used is GPS time. Both the magnetometer and the accelerometer have a 10 Hz update rate but 
the resolution of the PC time is 1 second. This means that there are 10 measurements points 
with the same PC time stamp. To correct for this the time for each data point is added a 
fraction of a second in the same order as they are logged so they are spaced with 0.1 second. 
Since all the measurements time stamps are in PC time but it is the GPS time that is our time 
reference it is necessary to convert PC time stamps to GPS time. This is done with the 
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information in the TimeData.txt file where the PC time and the GPS time is logged every second 
to keep track of offset and drift. It turns out that the drift is rather small <±1 second during a 
standard survey day of 6-8 hours. The offset is also stable during the surveying but changes a 
few second over night. The coefficients of a first order polynomial that relate the GPS time to 
the PC time is found and the coefficients is used to convert PC time to GPS time of each 
measurement. When all the measurements have a GPS time linear interpolation is used 
between GPS data points to find the longitude, latitude and altitude for each data point. 
Decimate. This step reduces the number of data points. This step is introduced as an option to 
reduce the number of data points to smooth data processing and reduce processing time. The 
decimation factor is set to 10 which mean that 10 data points is averaged to give 1 data point 
per second.  
Level 1 process. This step applies the instrument dependent calibration constants to the raw 
data. The calibration corrects for temperature, sensor offset and sensor non-orthogonality. All 
the calibration constants were found in a calibration campaign performed before the survey 
was performed. Specifically for the accelerometer the vector measurement is rotated to the 
magnetometer coordinate system to have all the data in the same coordinate system. This 
rotation matrix is found during the calibration campaign described in chapter ‎3. 
The final step. The last step is to save the data in Matlab formatted files so the data can be 
easily loaded. This saves time because all the previous steps are quite time consuming and are 
only performed ones. 
 
5.5 Magnetic map 
After the data has been processed according to section ‎5.4 the data is ready to be used. One of 
the first plots that were made was a plot of the actual flight path of the airplane during the 
survey. To do this the GPS data was plotted in Google Earth using the Kml file format that can 
be loaded directly into the Google Earth program. The result can be seen on Figure ‎5.11. 
Unfortunately there were some problems with the computer controlled the instruments which 
resulted in the loss of approximately 1/3 of the data. The first plot show almost all the flight 
paths of the survey there are 6 tracks missing in the middle. The reason for this is that the 
computer crashed and was not operational for 6 days. During the last part of the survey the 
computer controlling the instruments sometimes got stuck and started logging the same value 
until restarted. This problem only affected 1/3 of the data in the left part of the plot. The 
second plot shows the data selected to use for further study. Maybe some useful data from the 
1/3 in the left part of the left plot can be found but those data are very inconsistent and have 
been discarded. From a survey point of view this is more or less a disaster, but for the purpose 
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of validating the use of a vector magnetometer for aeromagnetic survey the data shown on the 
left plot will do just fine. 
  
Figure ‎5.11: Flight path of the airplane during the survey. 
 
Magnetic maps using scalar data are based on the data available from the tracks shown on the 
right plot in Figure ‎5.11.. After subtracting the scalar field originating from earth core from the 
measured scalar data the resulting magnetic anomaly field from the crust of the earth is 
plotted, Figure ‎5.12. As a magnetic model of the earth core the IGRF model is used. 
 
                                  ‎5.14 
Equation ‎5.14 is simplified but gives a good idea of what the magnetic map on Figure ‎5.12 
represent. Equations like this will be used to clarify what magnetic component is represented 
by the figure in mind. The plots of the magnetic anomaly maps can be seen in reduced size in 
the figures in this report or in full size in the appendices. 
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Figure ‎5.12: Maps of magnetic anomalies using only the scalar field. 
 
The map of the magnetic anomalies using the vector information is a more complex task to 
compute and plot. In order to subtract the magnetic model from the measured vector data it is 
necessary to have both the measurement and the model in the same coordinate frame. The 
coordinate frame chosen is the same coordinate frame the IGRF model uses. This means that 
the measured magnetic data needs to be rotated into this coordinate frame before we subtract 
the IGRF model. The attitude matrix or rotation matrix to do this can be found from the gravity 
and magnetic vector measurement. We need to know both the magnetic vector and the gravity 
vector in the coordinate frame we have chosen to rotate the magnetic data. The coordinate 
frame the IGRF model uses is defined as follows; the x axis point towards the North Pole and 
the z axis point straight towards the center of the earth. The y axis is the cross product of the 
two vectors, pointing west. Since we have chosen the coordinate frame the IGRF model uses we 
know the magnetic vector in this system from the model. The model of the gravity vector 
becomes very simple since the z axis point straight down towards the center of the earth, the 
same direction as the gravity vector. This means that the gravity vector is always [0 0 1] in the 
coordinate frame we have chosen. By using the attitude estimation algorithms described in 
section ‎2.5 the rotation matrix needed to rotate the measured data to the chosen coordinate 
frame can be found. Please note that the measured magnetic vector is a combination of the 
earth’s core field, the field from the earth’s crust and some very small fields in the earth’s 
magnetosphere. The magnetic model only models the magnetic field from the earth’s core. This 
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give raise to an error in the rotation matrix which is estimated based on the assumption that 
the two vectors are identical. The error is rather small because the magnetic field from the 
earth’s core is by far the largest part of the magnetic field of the earth. The magnetic field from 
the crust and magnetosphere represents only a few percent.  
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Subtract
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Figure ‎5.13: Flowchart of the data processing of the magnetic vector data. 
 
Figure ‎5.13 shows the data processing preformed in order to get the magnetic field vector of 
the crust of the earth. The plots of the magnetic anomalies using the magnetic field vector of 
the crust of the earth is divided into two sets, set 1 and set 2. This was done because Matlab 
had a tendency to crash if all the data was used. The plots of data set 1 can be seen on Figure 
‎5.14. 
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Figure ‎5.14: Magnetic anomaly map data set 1. 
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                             ‎5.15 
The plots A, B and C on Figure ‎5.14 are a map of the x, y and z component of the magnetic field 
vector of the crust. The magnetic field of the crust is found by subtracting the magnetic vector 
given by the model from the measured magnetic vector. If these are compared to plot E on 
Figure ‎5.14 which is the plot using only the scalar magnetic field they are almost identical 
especially plot C and E. The reason plot C and E are more or less identical is that the direction of 
the magnetic field is in the same direction as the z axis only a few degree off. The interesting 
thing is that the x and y axis have the same number of features on the plots and the level of 
detail is more or less the same as the plot with the scalar plot. To combine all the information 
of the three plots of the x, y and z axes into one plot the length of the magnetic field of the 
crust is plotted. This can be seen on Figure ‎5.14 D. 
                                 ‎5.16 
If plot D and E are compared it is clear that plot D has a lot more features and is much more 
detailed. The major features on the plot using the scalar data are still present in the plot using 
the vector data but in the gaps between the features on the scalar plot many minor features 
are now visible in the plot with the vector data. 
The plots of data set 2 can be seen on Figure ‎5.15. The plots of the second data set support the 
findings of the plots of the first data set. 
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Figure ‎5.15: Magnetic anomaly map data set 2. 
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5.6 Discussion 
The system was fully tested before it was send to Canada to be installed in the airplane. It was 
tested with respect to temperature, in order to be sure that the system could handle the cold. 
The system had been running for 2 months almost continually to be sure that all errors were 
detected. When the instrument platform was installed in the airplane the entire platform was 
tested and multiple test flights were performed.  
Despite the testing, the hard disk of the computer crashed during the survey, and it was first 
recovered 6 days later. This might have been avoided if a more robust computer was used. 
Computers with extended operational temperature ranges are available and solid state hard 
disks are resistant to vibrations. No matter how many precautions are taken, there is always a 
risk that some things will break down, which means that you need someone who knows the 
system well enough to repair it. This will greatly reduce the down time of the instrument 
platform in many cases and in most cases it is properly just a minor fix that is needed. 
Unfortunately, this was not the case with this survey. 
The data from the survey has been read into standard Matlab data files. The data from the 
magnetometer and accelerometer has been corrected with the relevant constants from the 
scalar calibration. The data from the accelerometer has been rotated into the magnetometer 
reference frame so all the data is given relative to the magnetometer frame. Finally, plots of 
magnetic anomalies have been produced using the available scalar data. The scalar maps based 
on data from the vector magnetometer have been compared to maps based on data from the 
scalar magnetometer, and there is no visible difference which is as expected. 
The process of producing magnetic maps based upon vector data was more of a challenge. The 
main problem being that the airplane is a very unstable platform that moves in ways that are 
not always measurable. The solution to this has been to filter the data with a box car filter, but 
certain types of small shifts may go un-detected. With careful data processing, this problem can 
be minimized, so it only has minor influence on the magnetic maps.  
The maps in section 5.5, which are based on vector data, clearly illustrate that there is more 
information in the vector data than the scalar data. More importantly, the maps with the vector 
data show that it is possible to use the vector information to determine the attitude of the 
sensor platform using the methods described in this report. The magnetic maps that have been 
produced show that exploration of geopotential fields could benefit from these methods to 
achieve a higher level of accuracy. This will provide geoscientists with a better tool to see 
beneath the surface, to determine the different properties of the surface of the earth, such as 
the density and magnetization of materials hidden below the surface. Geopotential field 
exploration can help locate mineral and oil deposits, groundwater reservoirs and fault lines.
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6 Summary 
The subject of attitude representation and attitude determination has been introduced, 
including examples of vector instruments currently used for attitude determination. In the 
Chapter on Theory, the theory of magnetic fields and the magnetic field of the earth are 
discussed. In addition to a description of the construction and theory underlying the AMR 
sensor, a number of potential methods to improve the performance of the sensor are 
proposed. The last part of the Theory chapter deals with the fundamental theory of 
intercalibration of two or more vector sensors. Finally, two alternative algorithms for attitude 
determination algorithms are described. 
Chapter ‎3 describes the process of calibration and intercalibration of the sensor platform in 
detail. This process was developed for the magnetic survey that is described in chapter ‎5. Using 
the theory described in chapter ‎2, two important results are achieved. First, a method of 
intercalibration of two vector instruments of type O2 is developed. The second result is the 
determination of an attitude matrix that relates the two sensor frames, with better than 0.1 
degrees accuracy. 
Chapter ‎4 describes the design of the low-power vector magnetometer that has been 
developed. The requirements for the AMR magnetometer and the goal to design a low-power 
instrument that can be used for attitude determination are specified. Subsequently, the 
measurement principles are described, as are the electronic circuits of the magnetometer. The 
construction of two prototypes of AMR magnetometers one with analog and the other with 
digital output, is detailed. The last part of this chapter presents the results of the calibration of 
the two prototypes. Both scalar calibrations showed good results, with the calibration of the 
digital AMR magnetometer, which was performed in Spain, resulting in residual and noise 
having standard deviations of only 2 and 7 nT, respectively. 
 
Chapter 5 describes a project which made use of a vector magnetometer to map the magnetic 
anomalies of the earth crust with higher sensitivity and accuracy than can be achieved using the 
scalar magnetometer which is the current standard. The chapter gives an overview of different 
instruments that have been used to measure the geopotential fields. Some of the instruments 
mentioned are only of historical interest now but are used to illustrate the basic principles. The 
instrument that is in current use for geopotential field surveys is described in a little more 
detail. Different method of surveying are identified and analyzed, along with a description of 
the three main methods: land, sea and air surveying. 
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The new instrument platform uses a 3 axis vector magnetometer. To determine the attitude of 
the magnetometer, an extra instrument is needed, so an accelerometer is used as an attitude 
instrument. To test the new method, an instrument platform consisting of a vector 
magnetometer and an attitude instrument was developed and calibrated. The main challenge 
in this project was the inter-calibration of the two vector instruments on the sensor platform. A 
successful method for intercalibration was developed, and it was verified that the rotation 
matrix that relates the orientation of the two sensors was highly accurate. 
The ability to combine data from two or more vector instruments was used to determine the 
attitude of the sensor platform used during a magnetic survey of the region between Greenland 
and the North Pole. The data that was collected during the survey was plotted with the vector 
information from the magnetometer intact. These vector maps of the magnetic anomalies 
show a greater level of detail when compared to the magnetic maps made with scalar data 
only. 
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7 Conclusion 
This dissertation has given a detailed description of the technologies used for attitude 
determination in space and on the surface of a planet. Different methods to combine the vector 
data from attitude instruments to a full three axes attitude have also been discussed and used 
on real data. 
The design and development of a true low-power attitude instrument has been based on 
thorough analysis of the sensor principle which resulted in the design parameters and 
requirements for the instrument. The AMR magnetometer has been tested with respect to 
linearity, sensitivity and noise and all tests showed that the instrument performs within the 
requirements. The final scalar calibration of the AMR magnetometer showed an overall 
performance of the AMR magnetometer with a standard deviation of only 2 nT. The result is a 
true low-power vector magnetometer using only 150 mW with the mass of only 300 g, while 
the magnetometer still achieves a high accuracy. This achievement presents opportunities for 
the use of vector magnetometers onboard small satellites which do not have the required 
resources in terms of mass, volume, and power consumption to use standard magnetometers 
or alternatively to free up resources on satellites to allow more flexibility for the payload or 
other systems. 
The maps of the magnetic crustal anomalies of the region between the North Pole and northern 
Greenland, clearly illustrate that there is more information in the vector data than the scalar 
data. More importantly, the maps with the vector data show that it is possible to use the vector 
information to determine the attitude of the sensor platform using the methods described in 
this report. The magnetic maps that have been produced show that exploration of geopotential 
fields could benefit from these methods to achieve a higher level of accuracy.  
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8 Future Work 
With respect to the AMR magnetometer there are several topics which deserve more attention. 
The primary tasks are listed here. 
1. Completing the design of the digital AMR magnetometer with respect to the control 
circuit and the output interface. 
2. The design of a high efficiency power supply designed for low-power consuming 
instruments. 
3. Design of an external sensor with a harness of 1 to 2 meters, as this will reduce the 
offset and noise of the AMR magnetometer. 
4. Finalize the qualification of the AMR magnetometer to meet the ESA and NASA 
standards for space instruments. 
 
The magnetic survey of the region between the North Pole and northern Greenland also has 
some topics which deserve more attention, in particular the data processing of the recorded 
data. 
1. The part of the data processing that involves filtering of the data to remove noise needs 
more work. Maybe some more advances filtering techniques could be used such as 
digital filters and Kalman filters. 
2. In the raw data from the magnetometer there were some gaps in the recorded data of 
one or two seconds duration. This is not a major problem because of continues GPS 
time stamping of the recorded data. It is suspected that an investigation into this issue 
might also lead to methods to reduce the noise in the attitude of the sensor platform. 
3. Finally further application of the method developed to generate the magnetic vector 
maps of the crustal anomalies to further refine the method and its application. 
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10 Appendix Test of AMR sensors 
(Removed from public version) 
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11 Appendix schematics and PCB layout (Removed from 
public version) 
Detailed schematics and PCB layout of the analog AMR magnetometer. 
The schematics and PCB layout are made using the in house software Altium designer winter 2009. 
The schematics and the 6 layer PCB layout can be seen below. 
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12 Appendix Magnetic maps 
Magnetic maps of the crustel anormalies from the magnetic of the region between Greenland 
and the North Pole. 
 
 
Map of data set 1 and 2 with scalar data. 
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Map of data set 1 with scalar data. 
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Map of data set 2 with scalar data. 
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Map of data set 1 with vector data. X axis. 
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Map of data set 1 with vector data. Y axis. 
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Map of data set 1 with vector data. Z axis. 
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Map of data set 1 with vector data. B field.  
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Map of data set 2 with vector data. X axis. 
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Map of data set 2 with vector data. Y axis. 
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Map of data set 2 with vector data. Z axis. 
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Map of data set 1 with vector data. B field. 
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13 Appendix Matlab 
(Removed from public 
version) 
The more relevant Matlab files  
